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This thesis presents the research on developing nanostructured graphite and Si-based 
anodes with high rate capability for lithium-ion batteries (LIBs). Nanostructuring 
approach is employed to provide short diffusion paths for Li+ traveling and electron 
transport within the active materials which improve the rate capability of the electrode. 
Besides, nanostructured Si is capable of relieving the created stress-strain during 
lithiation/de-lithiation and preventing electrode failure. Graphite and Si-based 
nanomaterials are produced via facile, low-cost and scalable techniques of ball milling 
or electrospinning. Ball milling processes have been used for particle refining to the 
nanometre scale, preparation of the desired particle morphology and nanocomposite 
fabrication. Electrospinning technique has been employed to synthesize fibre 
nanocomposites as the free-standing and flexible electrodes. The electrochemical 
behaviour of the produced anodes are studied and their structure-rate performance 
relationship are investigated using scanning and transmission electron microscopy.  
In the first study, commercial graphite is ball milled for various ball-milling durations, 
and a positive linear correlation between ball-milling duration and surface area of 
graphite is obtained. The LIB examinations of the graphite nanosheets and nanoflakes 
show enhanced rate capability compared to the commercial graphite. The nanoflakes 
with BET specific surface area of 350 m2 g-1 deliver a specific capacity of  87 mAh g-1 
at the current rate of 6C (1C = 372 mA g-1). By studying the structure-LIB performance 
relationship of the graphite nanostructures, the new mechanism of Li+ surface-storage 
or Li+ surface-absorption is realized for the lithiation/de-lithiation of the graphitic 




In the second study, Si nanoparticles-graphite nanosheets composites are prepared 
using a facile ball milling process in which the starting materials of graphite 
nanosheets (fabricated and tested in the first study) and Si nanoparticles are also 
prepared by ball milling technique. The effect of the size of Si nanoparticles on the 
structural and electrochemical properties of the composites is studied. Micrpscopy 
analysis reveals that by decreasing the size of Si nanoparticles from 250 nm to 40 nm, 
the structure of the composites transforms from Si nanoparticles-surrounded-graphite 
nanosheets to Si nanoparticles-embedded-graphite nanosheets. The composites with 
finer Si nanoparticles provide an effective nano-structure containing encapsulated Si 
and free space. This structure facilitates indirect exposure of Si to electrolyte and Si 
expansion during cycling, which leads to stable solid-electrolyte interphase and raised 
conductivity. An enhanced rate capability is obtained for 40 nm Si 
nanoparticles-graphite nanosheets composite delivering a specific capacity of 276 
mAh g-1 at the current density of 1C after 1000 cycles and rate capacity of 205 mAh 
g-1 at 8C.  
In the final study, silicon nanoparticles-carbon nanofibre composite as the 
self-standing, binder-free and flexible anode is fabricated via the scalable method of 
electrospinning. The component of the Si nanoparticles with the size of 140 nm are 
prepared by the same facile ball milling method used in the second study. The structure 
and LIB performance of the composite with different carbon fibre diameter of 230 and 
620 nm is investigated. The silicon nanoparticles are effectively protected from direct 
exposure to the electrolyte by the carbon fibre encapsulation, leading to vastly 
improved capacity retention during galvanostatic half-cell cycling. Cycling results also 
shows that an electrode with 230 nm fibre diameter has enhanced cyclability and rate 




microscopy) and EIS (electrochemical impedance spectroscopy) post-cycling 
investigations of the electrodes reveals an appropriate structural stability and lower 
impedance during cycling for the electrode with thinner carbon fibres. This behaviour 
is associated with the low linear density of the Si nanoparticles along the thin carbon 
nanofibers which prevents the fracture of the carbon fibres at the sites of Si clusters. 
The electrode delivers a capacity of 580 mAh g-1 after 100 cycles at a current density 
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Energy storage has received worldwide attention as the critical phase towards clean 
and adaptable energy usage. Energy storage systems are enabling replacement of fossil 
fuels with other environmentally friendly and sustainable energy resources for high 
power applications through the advancement of rechargeable systems for storing solar 
and wind energy [1, 2]. There is also a growing interest in the light-weight, ultrathin 
and flexible energy storage devices suitable for the emerging applications such as 
wearable products and roll-up displays [3]. 
Among various rechargeable systems, lithium-ion (Li-ion) batteries (LIBs) have 
become one of the most popular energy storage devices with huge commercial success 
in portable electronics due to its reliable energy and power density, long cycle life, 
superior safety features, environmental friendliness and light-weight [4, 5]. In order to 
fulfill the future energy demand for large-scale applications, particularly EVs (electric 
vehicles), HEVs (hybrid electric vehicles) and PHEVs (plug-in hybrid electric 
vehicles), and also next-generation portable devices, improving LIBs with high power 
and high rate capacity is necessary [6, 7]. Fast charge-discharging LIBs enable electric 
vehicles with the charging time comparable to the fuelling time of the existing 
gasoline-powered cars [8]. Flexible LIBs require the high-rate capability to reduce the 








1.2. Problem statement 
To achieve LIBs with high power, high energy density, and long cycle life, significant 
research has been carried out for the development of anode electrode materials with 
high capacity and good cycling stability [10]. However, fast charge-discharging 
another essential parameter to be considered for the development of future LIBs, which 
is highly dependent on anode materials with high rate capability [11], has not been 
adequately addressed in previous studies. 
Among the commercial and studied anode materials, graphite and silicon with 
attractive features are potential anode candidates for the development of future LIBs. 
Graphite is the most common commercial anode offering remarkable properties of 
excellent stability, high electronic conductivity, non-toxic, low cost, low volume 
variation during lithiation (only 10%), natural abundance, and flat voltage profile 
below 0.5 V vs. Li/Li+. However, it exhibits a low theoretical specific capacity of 372 
mAh g-1 and low rate capability [12, 13]. On the other hand, silicon with unique 
properties of high abundance, environmentally benign, low discharge potential of 
about 0.4 V vs. Li/Li+, and high theoretical charge capacity (3590 mAh g-1 for the 
Li15Si4 phase at room temperature) is still not commercialized. This is due to the large 
volume change (around 370% for the final alloy of Li15Si4) during Li+ 
insertion/de-insertion in the discharge/charge process which leads to electrode 
pulverization after few cycles [14, 15]. Despite the recent valuable research to develop 
graphite and Si-based anodes, there is much more room to achieve high-rate 
performance electrodes with light-weight and flexibility features via facile and 
scalable processes. Moreover, the anodes’ structure-function relationships are not fully 





1.3. Scopes and aims 
The overall aim of this research is to active materials design of the anodes for LIBs 
towards developing graphite and Si-based electrodes with high-rate capability via 
facile and scalable methods. This research project has the following specific aims: 
 To design nanostructured graphite and Si-based anodes which provide fast Li+ 
and electrons transport within the active materials, compensate the deficiencies 
of graphite and Si-based anodes and offer light-weight and flexibility features. 
 To develop facile and effective processes for fabricating nanostructured 
graphite and Si-based anodes with high-rate capability and flexibility. 
 To investigate the structure-rate performance relationship of the produced 
anodes.  
 
1.4. Thesis overview 
Chapter 2 of this thesis provides a literature review of Li-ion batteries, anode materials 
and their development for high-rate LIBs, graphite and Si-based anodes and the 
approaches towards their advancement.   
Chapter 3 presents an overview of the experimental techniques used for materials 
preparation and synthesis, the characterization of the produced materials and their 
electrochemical measurements for Li-ion batteries.  
Chapter 4 presents the preparation of nanostructured graphite powders with high 
surface area via a facile but effective ball milling process. In-depth structural and 
electrochemical investigations of the produced graphite nanosheets and nanoflakes are 




mechanism behind the Li-ion battery performance of the nanostructured graphite 
electrodes at low and high current rates is proposed. 
Chapter 5 presents the preparation of Si nanoparticles-graphite nanosheets composites 
via a facile and scalable ball milling process in which the starting materials of graphite 
nanosheets and Si nanoparticles were also prepared by ball milling technique. This 
chapter also discusses the effect of the size of the Si nanoparticles on the structural 
properties of the Si-graphite nanocomposites and their electrochemical performance 
particularly rate performance in Li-ion batteries.  
Chapter 6 presents the synthesis of Si nanoparticles-carbon nanofiber composites via 
electrospinning as free-binder/collector and flexible electrodes. This chapter discusses 
the correlation between the structure and high-rate performance of the electrodes with 
different carbon nanofiber diameters. 
Chapter 7 summarises the findings from this research and suggest the research 




1. Vazquez, S., et al., Energy Storage Systems for Transport and Grid 
Applications. IEEE Transactions on Industrial Electronics, 2010. 57(12): p. 
3881-3895. 
2. Yang, Z., et al., Electrochemical Energy Storage for Green Grid. Chemical 
Reviews, 2011. 111(5): p. 3577-3613. 
3. Wang, X., et al., Flexible Energy-Storage Devices: Design Consideration and 
Recent Progress. Advanced Materials, 2014. 26(28): p. 4763-4782. 
4. Wang, Y., et al., Emerging non-lithium ion batteries. Energy Storage 




5. Abada, S., et al., Safety focused modeling of lithium-ion batteries: A review. 
Journal of Power Sources, 2016. 306: p. 178-192. 
6. Etacheri, V., et al., Challenges in the development of advanced Li-ion batteries: 
a review. Energy & Environmental Science, 2011. 4(9): p. 3243-3262. 
7. Thackeray, M.M., C. Wolverton, and E.D. Isaacs, Electrical energy storage for 
transportation—approaching the limits of, and going beyond, lithium-ion 
batteries. Energy & Environmental Science, 2012. 5(7): p. 7854-7863. 
8. Tang, Y., et al., Rational material design for ultrafast rechargeable lithium-
ion batteries. Chemical Society Reviews, 2015. 44(17): p. 5926-5940. 
9. Park, M.-H., et al., Flexible High-Energy Li-Ion Batteries with Fast-Charging 
Capability. Nano Letters, 2014. 14(7): p. 4083-4089. 
10. Goriparti, S., et al., Review on recent progress of nanostructured anode 
materials for Li-ion batteries. Journal of Power Sources, 2014. 257: p. 421-
443. 
11. Kang, B. and G. Ceder, Battery materials for ultrafast charging and 
discharging. Nature, 2009. 458(7235): p. 190-193. 
12. Persson, K., et al., Lithium diffusion in graphitic carbon. The journal of 
physical chemistry letters, 2010. 1(8): p. 1176-1180. 
13. Loeffler, N., D. Bresser, and S. Passerini, Secondary lithium-ion battery 
anodes: from first commercial batteries to recent research activities. Johnson 
Matthey Technology Review, 2015. 59(1): p. 34-44. 
14. Ko, M., S. Chae, and J. Cho, Challenges in Accommodating Volume Change 
of Si Anodes for Li‐Ion Batteries. ChemElectroChem, 2015. 2(11): p. 1645-
1651. 
15. Liang, B., Y. Liu, and Y. Xu, Silicon-based materials as high capacity anodes 





Chapter 2     Literature review 
 
2.1. Battery technology 
After the invention of the first voltaic cell known as battery by Alessandro Volta in 
1800, many different kinds of batteries in the form of primary batteries (with 
consumable electrodes) and secondary batteries (rechargeable) were designed. The 
start of using rechargeable batteries was in 1859 by producing lead-acid battery [1], 
and massive development of industry and technology resulted in turning the secondary 
batteries to a crucial need of today’s modern life. Although fossil fuels including coal, 
crude oil and natural gas have been the sources for employing the in-progress 
technology from recent centuries until now, their resulted environmental issues such 
as global warming and greenhouse gases have made the human society thinking about 
some promising alternative ways for providing energy [2]. The advancement in 
harvesting and converting of sustainable energies achieved from solar cells and wind 
turbines has led to the big demand of developing the energy storage technology. 
Besides, advancement of electric vehicles which are an excellent solution for the 
polluted cities is another challenge depends on the high power batteries. Last but not 
least, battery technology affects significantly on the progress of portable electronic 
devices like cell phones and laptops [3].  
Currently, the most common rechargeable batteries are lead-acid, nickel-cadmium 
(Ni-Cd), nickel-metal-hydride (Ni-M-H) and Li-ion batteries (LIBs). The lead-acid 
battery which is the oldest rechargeable battery system has the lowest specific energy 
and cycle life but still is used in some applications like personal carriers or emergency 




are restricted due to environmental concerns about its disposal. To replace Ni-Cd 
batteries, Ni-M-H batteries were developed with mild toxic metals which deliver 
higher specific energy but lower cycle life. Ni-M-H batteries are commonly used in 
medical instruments, hybrid cars and industrial applicfations [4]. The birth of LIBs 
with high specific energy and stable long cycle life in the early 1990s, many 
applications served by lead acid or nickel-based batteries were replaced by LIBs [5]. 
Fig. 2-1 compares the volumetric and gravimetric energy density of various secondary 
batteries. Ni-Cd, Ni-M-H and LIBs have the worldwide sales share of 23, 14 and 63%, 
respectively [6].   
 
 
Fig. 2-1 Comparison of the various rechargeable battery technologies in terms of 
energy density [6]. 
 
2.2. Lithium-ion batteries (LIBs) 
Nowadays, LIBs are the proceeding electrochemical power sources in both the 




energy density and high power density along with long cycle life, superior safety 
features, environmental friendliness, low weight and enhanced rate capabilities is the 
key reason for widespread applications [9]. Regarding these characteristics of LIBs, it 
has the high potential for providing the power of electric vehicles which will make a 
real green revolution. Many attempts have been made to develop LIBs for EVs 
application which depends on the development of anode, cathode and electrolyte 
solutions [10].  
 
2.2.1. History, significance and functioning principle 
From the late 1950s, battery researchers have drawn attention towards lithium because 
of its suitable properties like most electropositive (-3.04 V versus standard hydrogen 
electrode) and the lightest metal (molar weight of 6.94 g mol-1 and density of 0.53 g 
cm-3), thus having the ability to increase the energy density. Following the recognition 
of stable behaviour of Li in some electrolytes due to the formation of a passivating 
layer (solid electrolyte interphase), the first commercial primary Li cell was introduced 
in 1973. Primary Li batteries offered the energy density of 250 Wh kg-1 and had found 
the applications like watches and implantable medical devices [11]. However, due to 
the formation of Li dendrites on Li anode and causing safety problems, attention 
shifted to the use of a lithium-intercalation material as an anode which led to producing 
first commercial secondary Li-ion battery by Sony Energytec Inc. in 1991. This Li-ion 
cell was made of carbon as anode and LiCoO2 as cathode material [12]. 
A schematic of working mechanism of current Li-ion rechargeable batteries is shown 
in Fig. 2-2. A Li-ion cell consists of a cathode (positive electrode) and an anode 




membrane [9]. Cathode materials are usually intercalation compounds with different 
structures of layered (LiCoO2), spinel (LiMn2O4), olivine (LiFePO4), and tavorite 
(LiFeSO4F) which are mostly transition metal oxides [13]. On the other hand, 
carbonaceous materials, particularly graphite based on Li-intercalation concept are the 
dominant anode materials in LIBs. The electrolyte most frequently used is LiPF6 
dissolved in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) [14]. 
As illustrated in Fig. 2-2, Li+ travel from the cathode to anode through electrolyte 
during the charging process, and the reverse interaction happens while discharging. 
During charge, electrons also flow from positive electrode (cathode) to negative 
electrode (anode) through the outer circuit, and they flow back to the positive electrode 
(cathode) during discharge powering the instrument. Therefore, insertion and 
extraction processes of Li+ between cathode and anode brings about charging and 
discharging of Li-ion battery. Equations below represent reactions occur inside 
cathode and anode electrodes during charge and discharge processes [15]. 
LiCoO2 ⇔ Li1-xCoO2 + xLi+ + xe-     (at the cathode)                                        Eq. 2-1  
6C + xLi+ + xe- ⇔ LixC6          (at the anode)                                                     Eq. 2-2    







Fig. 2-2 Schematic of functioning principle of a Li-ion cell; (a) charging (insertion of 
Li+) and (b) discharging (extraction of Li+). 
 
2.2.2. LIBs anode materials 
The anode in a lithium-ion cell must be resistant to damage over required cycling, have 
good ionic and electron conductivity, be tolerated to the electrolyte, thermally stable, 




materials have been studied and introduced which can be classified into three main 
categories based on different storage mechanisms: intercalation/de-intercalation type 
(graphite, Li4Ti5O12, Nb2O5, etc.), alloying/de-alloying type (Si, Sn, Ge, etc.) and 
conversion type (metal oxides, sulfides, oxysalts, etc.) [16]. The storage mechanism 
of intercalation occurs when the guest ions or molecules are inserted reversibly into 
the host matrix. Intercalation cause a small change in the structural properties of the 
host material, which is reversible chemically or thermally. Graphite is a perfect host 
matrix for Li+ intercalation, although intercalation electrodes have low theoretical 
capacity. The usage of the intercalation mechanism for both the anode and cathode of 
the Li-ion batteries led to their commercialization. The intercalation reaction of 
Li+-graphite can be stated as: 
Li+ + e- + C6 ⇔ LiC6                                                                                           Eq. 2-4 
The electrodes capable of alloying electrochemically with Li+ indicate high charge 
capacity, because of the large stoichiometry of Li ions that these materials can 
accommodate reversibly. Alloying anodes offer high power density, but limited cycle 
life due to their high volumetric expansion/contraction upon lithiation/de-lithiation. 
Eq. 2-5 indicates the reaction of Li with alloying materials: 
Si(Sn) + xLi+ + xe- ⇔ LixSi(Sn)                                                                          Eq. 2-5 
Finally, in conversion electrodes, a transition metal in a compound (MxXy, X = P, S, 
O, F, Cl etc.,) is reduced to its metallic state and Li+ forms a compound such as LizXy, 
reversibly. Eq. 2-6 generally describes the conversion mechanism. 
MxXy + ze- + zLi+ ⇔ xM + LizXy                        Eq. 2-6 
Conversion electrodes have lower capacity than alloying electrodes and are coarsened 
upon cycling [17-19].  
Anode materials can also be divided into 4 categories according to their history and 




i) Lithium metal 
Initially, lithium (Li) metal was an attractive anode material for LIBs due to the 
combination of the lowest negative electrochemical potential (-3.040 V vs. the 
standard hydrogen electrode), a very high theoretical specific capacity (3.86 Ah g-1; 
7.23 Ah cm-3) and low density (0.59 g cm-3) [20]. However, Li metal has two 
significant drawbacks of short cycle life and poor safety which limit its application in 
LIBs. The first reason is that Li reacts with the components of most electrolytes to 
form a passivating layer which leads to the loss of capacity upon cycling and low 
Coulombic efficiency. The other reason is related to dendrites formation on the Li 
anode during repeated charge-discharge processes which causes short-circuiting and 
the battery to catch fire [18]. Therefore, Li has been replaced by materials with lower 
Li activity. 
ii) Carbonaceous materials 
In the 1970s, the idea of structures with the ability to host Li+ later called intercalation 
or insertion compounds, was introduced. Today, intercalation compounds are widely 
used in all commercial LIBs, as both anode and cathode materials [21]. Among the Li+ 
host structures, carbonaceous materials were the first commercially used anode 
materials as Sony Corporation used coke (a soft carbon which is disordered and 
graphitizable) in the first commercial LIBs [22]. This commercial battery with LiCoO2 
cathode offered the best energy density and specific energy of 200 Wh l-1 and 80 Wh 
Kg-1, respectively. Replacing soft carbon with hard carbon (non-graphitizable carbon), 
led to increased specific capacity and enhanced volumetric and gravimetric energy 
density of 295 Wh l-1 and 120 Wh Kg-1, respectively. However, it could not fulfil the 
desired potential stability at 3 V needed for cellular phones due to the voltage drop in 
the charge-discharge profile. Furthermore, there was still the safety issue, because for 




be close to 0 V vs. Li/Li+, thus again the risk of lithium plating (in worst case dendrites) 
on the carbon particles exists, leading to short-circuiting and the battery catching fire 
[19].  
Using graphite with a flat potential profile below 0.5 V vs. Li/Li+ and a considerable 
higher specific capacity of 372 mAh g-1 (corresponding to one lithium per hexagonal 
carbon ring, i.e. LiC6) led to increase volumetric and gravimetric energy density up to 
400 Wh l-1 and 165 Wh kg-1, respectively [23]. Additionally, graphite offers other 
advantages of excellent stability, high electronic conductivity, non-toxic, low cost, low 
volume change during lithiation (only 10%) and natural abundance. Therefore, 
graphite was used as a good alternative for soft and hard carbons, and it is still the most 
common anode material for LIBs due to its perfect layered structure [13]. Graphite is 
composed of graphene layers which are held together by van der Waals forces in a 
stacking sequence of AB or ABC while Li+ intercalation into these layers results in an 
AA stacking configuration (Fig. 2-3). Another structural feature of graphite is that 
carbon atoms make a sp2-hybridisation leading to a delocalized electron network in 
hexagonal graphene layers, thus creating high electronic conductivity [21]. 
 
 





iii) Lithium titanium oxide (Li4Ti5O12/LTO) 
In 1994, lithium titanate, Li4Ti5O12 (LTO), another intercalation anode material with 
spinel structure was introduced. LTO offers much lower energy density in LIBs 
compared to graphite due to Li+ intercalation in a high potential of 1.55 V vs. Li/Li+ 
and low theoretical specific capacity of 175 mAh g-1. However, it has some significant 
advantages like low volume expansion, flat potential profile, no SEI formation and 
offering safer LIBs because of high operating potential within the range of stability 
potential of common electrolytes and also far from the region of Li plating [16, 24].  
iv) Alloying materials 
Alloy metals like Si, Sn, Sb, Al, Bi, Zn, Sb, Mg and Pb can form alloys with Li+, 
reversibly. This group of anode materials provides high theoretical capacity with high 
safety. For example, Si with the diamond cubic crystal structure (Fig. 2-4) has the 
theoretical specific capacity of 4200 mAh g-1 and the low operation potential of ~ 0.4 
V vs. Li/Li+ which prevents the safety issues by lithium deposition. However, alloy 
anodes have large volume change of up to 300% during Li+ insertion/de-insertion 
which leads to pulverization of the electrode and poor cyclic stability. Besides, 
capacity loss of the first cycle is too high for alloy anodes [13, 25]. Table 2-1 compares 
the physical and electrochemical properties of some anode materials used in LIBs.  
 
 




Table 2-1 Comparison of the physical LIB properties of various anode materials [25] 
 
Materials Li C Li4 Ti5 O12 Si Sn Sb Al Mg 
Density (g cm-3 ) 0.53 2.25 3.5 2.33 7.29 6.7 2.7 1.3 




3862 372 175 4200 994 660 993 3350 
Theoretical charge 
density (mAh cm-3) 
2047 837 613 9786 7246 4422 2681 4355 
Volume change (%) 100 12 1 320 260 200 96 100 
Potential vs. Li 
(∼V) 0 0.05 1.6 0.4 0.6 0.9 0.3 0.1 
 
 
2.3. Development of anode materials  
Substituting the running-out and CO2 emission sources of fossil fuels with clean energy 
sources is the present urgency which is highly dependent on the replacement of internal 
combustion engine (ICE) cars by EVs, HEVs or PHEVs [26]. To fulfil these aims, 
LIBs with high power and high energy densities along with the ability of capacity 
maintenance over charge-discharge cycles are required. Another significant demand 
for the future LIBs is the fast charging capability which is necessary for EVs to reduce 
the charging time compared with the fuelling time of the existing gasoline cars [27]. 
Next generation of electronic devices such as wearable products and roll-up displays 
also require flexible and light-weight LIBs with fast-charging capability [28]. To meet 
all of these requirements, development of high-performance electrode materials 
especially anode materials is indispensable [29]. Despite vast researches for the 
development of current or new anode materials, improvement of their high rate 




Among the introduced and commercialized anode materials, graphite and silicon are 
suitable candidates for future anode materials as they have some remarkable features. 
Therefore, further research is required to resolve the current issues related to graphite 
and silicon anodes. Graphite anode needs modification in order to enhance reversible 
capacity and rate capability. On the other hand, large volume expansion is one of the 
critical challenges of silicon-based anodes for use in LIBs [17]. 
 
2.3.1. Approaches towards development of anodes for high-rate LIBs 
 
The key parameters determining fast charging of LIBs include fast Li+ 
insertion/extraction, fast electron transport, high Li+ diffusivity, enhanced 
electrochemical thermodynamics and kinetics, high Li+ conductivity in electrolytes 
and improved electronic conduction within the system. Hence, the choices and design 
of electrode materials are crucial to achieve these goals [27].  
There are some popular strategies for enhancing ionic and electronic conductivity of 
the anode materials based on the materials engineering consist of nanostructuring 
strategy [30], surface modification [31], dopant manipulation [32] and 
hybrid-composite design [33]. 
Nanostructuring strategy helps to enhance rate capability of LIBs through shortening 
the solid-state diffusion length and raising the surface area leading to increasing the 
transportation rate of ions and electrons within active material [34]. Decreasing the 
diffusion length is very useful because according to the diffusion formula (Eq. 2-4), 
the mean diffusion time (eq) of Li+ in electrode materials is proportional to the square 
of the diffusion length (L) [35]:  




Where D is the diffusion coefficient. Nanostructured anodes and cathodes are capable 
of providing high rate performance in the battery similar to the supercapacitors and 
capacity like batteries [36]. 
 
2.3.2. Recent development of graphite anodes for LIBs 
 
To circumvent the graphite anode issues of low theoretical capacity (372 mAh g-1) and 
very limited rate performance in LIBs, many research efforts have been devoted to 
employ designed novel graphitic structures such as carbon nanotubes [37] and 
graphene [38], or manipulated graphite structures like non-metal element doped (B, N, 
P, S) [39, 40] and disordered graphite structures by ball milling. Ball milling graphite 
can result in increasing its reversible capacity and rate capability through both 
decreasing particle sizes and disordering graphite structure. 
 
2.3.2.1. Mechanical milling 
 
Among the top down solid-state synthesis methods, mechanical milling in the form of 
ball milling is a fascinating method from both research and industrial point of view 
due to its significant advantages such as simple, low-cost, environmentally friendly 
and scalable [41]. Ball milling method is a powder processing technique in which 
primary powder materials are influenced by moving balls in a rotating jar which leads 
to synthesis nanomaterials, nanostructures, and nanocomposites. Furthermore, the 
mechanical energy of ball milling can break the particles, create new fresh surfaces, 
decrease the particle size to nanoscale, generate particular morphologies and create 





2.3.2.2. LIB performance of ball-milled graphite 
 
Among the first studies of the ball milling effect on graphite electrochemical 
performance, Disma et al. [43] demonstrated that a capacity of 708 mAh g−1 (∼Li2C6) 
with an irreversible capacity of 328 mAh g−1 could be achieved for graphite and coke 
after a prolong milling of 80 h. They explained that the obtained additional reversible 
capacity is due to the formation of more carbon surfaces which adsorb more Li+. 
In a follow-up study, Disma et al. [44] studied different ball milling modes, various 
precursors, and different primary morphologies of carbon and explained how all of 
these factors affect on the electrochemical properties of carbon anode in LIBs. The 
desired lattice parameter, surface area and electrochemical properties of carbon can be 
achieved by employing a proper ball milling system.  
In these works, electrochemical investigations were carried out in a low current rate of 
C/10 (C = 372 mAh g-1), and high rate performance of milled graphite was not 
investigated. 
In 1998, Wang et al. [45] proposed a mechanism for lithiation of ball-milled graphite 
by studying its morphology and structure. The charge-discharge potential profiles of 
150 h ball-milled graphite at a low current rate of 15 mA g-1 showed an increased 
reversible capacity of 700 mAh g-1. Raman spectra and XRD patterns confirmed the 
existence of interstitial carbon atoms in the sample. TEM and HREM images indicated 
that there are vacancies and micro-cavities inside the particles with voids between 50 
nm-particles in agglomerates. Since interstitial carbon atoms are barriers for lithium 
intercalation, the obtained reversible capacity is mostly from storage of Li+ in 
vacancies, micro-cavities, voids and the edges of the layers. However, the rate 




showed enhanced reversible capacity but the method was not an industrially cost 
effective.       
Wang et al. [46] also represented another study which demonstrated the effect of 
mechanical milling on the morphology of natural graphite and its correlation with the 
electrochemical performance. They used turbo and jet milling for this purpose as these 
two machines do not make a significant change in d(002) and graphite structure. The 
results showed that reducing the particle size of natural graphite increases the 
discharge capacity while decreases the Coulombic efficiency. The theory behind is 
that big particles result in low capacity due to the less contact of the edge of planes 
with the electrolyte; however, fine particles lead to significant irreversible capacity 
and low Coulombic efficiency. Besides, increasing BET surface area up to 8 m2/g 
caused by milling increases capacity and it gets constant in higher surface area, while 
it is reverse in Coulombic efficiency. Higher surface area leads to build up a more 
extended SEI film on the surface of graphite particles which is the reason for high 
irreversible capacity and low Coulombic efficiency. This research made a realization 
of the morphological effect on the anodic behaviour of graphite, although 
comprehensive electrochemical examinations and structural characterizations are 
necessary to achieve a deeper insight. 
To investigate the impact of milling atmosphere on the electrochemical properties of 
ball-milled graphite, Chevallier et al. [47] used oxygen and hydrogen atmospheres 
with various pressures to control disorder rate of the milled graphite. They achieved 
reversible capacities equivalent to xrev=1.7 Li (P(O2) = 10-6 mbar) and xrev=1.6 Li 
(P(O2) = 0.2 bar) for LixC6. They also obtained an irreversible capacity xirrev of 0.5 Li 
for a low oxygen pressure. Again, high current rate examinations were not performed 




In 2001, Natarajan et al. [48] studied the influence of mechanical milling on the 
lithiation properties of graphite. They described that milling graphite for a short time 
reduces the irreversible capacity and increases the reversible capacity, while it is 
reverse for the extended milling durations. The suggested mechanism for this 
behaviour attributes the irreversible capacity to the surface area. According to this 
mechanism, milling for a short duration leads to form potato shape particles and 
subsequent aggregation which causes a reduction in the surface area especially basal 
plane surface area. Defective sites at the basal plane and the end of interlayer spacing 
are capable for exfoliation during lithiation due to weaker van der Waals bonds, hence 
irreversible capacity decreases by decreasing milling time. On the other hand, 
increasing basal plane surface area by longer milling time leads to more exfoliation 
while Li+ intercalation and consequently, higher irreversible and lower reversible 
capacity. 
More detailed examinations of the effect of ball milling on the rate and cycle-life 
performance of graphite were carried out by Sivakkumar et al. [49]. In general, they 
described that ball-milled graphite has higher rate capability than pristine graphite 
while it is reverse at low rates. Acceptable cycling stability of ball-milled graphite was 
achieved neither at low nor high rates; however, low rates and low milling times 
resulted in better cycling stability. In this study, better rate capability of ball-milled 
graphite was attributed to the activation of Li+ adsorption mechanism due to high 
surface area. Although, this theory does not fully explain why 30 h ball-milled graphite 
showed better rate capability than 10 h ball-milled graphite despite decreasing BET 
surface area by increasing milling time.  
A recent study by Robledo et al. [50] have examined the effect of the presence of 




showed that high rate capability (5C<C<10C) increases with increasing milling time 
which could be attributed to the two reasons of (i) diminishing particle size and 
increasing surface area, and (ii)  increasing oxygen content and oxygen functional 
groups (-COOH and C-O species) which offer availability of new lithium adsorption 
sites. The main weakness of this theory is that it does not explain why 15 h milled 
graphite shows a lower rate capability than 10 h. Another key problem of this work is 
the lack of comprehensive electrochemical tests of the materials.  
Recently, Tan Xing et al. [51] have demonstrated how disordering graphite structure 
by ball milling influences electrochemical performance. Ball-milled graphite exhibited 
acceptable cycling stability and enhanced low-rate capacity caused by raising milling 
time. It was assumed that enhanced electrochemical performance of disordered 
graphite could be related to a new lithium storage mechanism rather than 
intercalation/de-intercalation. In their investigations, the new mechanism of capacitive 
capacity is relevant to the disordered graphitic structure with porous architecture. In 
this work, there is a big difference of ~32.5% between theoretical and experimental 
capacity (372 and 225.7 mAh g-1, respectively) of graphite.  
Despite these attempts towards advancing the electrochemical performance of graphite 
through mechanical milling, further research including more comprehensive 
electrochemical investigations and structural characterizations is required. Effective 
and facile ball-milling processes are needed to be designed to achieve graphite 
nanostructures with high surface area. Furthermore, a deep insight into ball-milled 
graphite structure and its correlation with electrochemical performance especially 
rate-performance would be helpful to design more practical graphite-based anode 





2.3.3. Recent development of silicon-based anodes for LIBs  
 
Among the anode materials for LIBs (Table 2.1), Si is an attractive choice due to its 
unique properties such as high abundance, environmentally benign, low discharge 
potential of about 0.4 V vs. Li/Li+ and high theoretical charge capacity (3590 mAh g-1 
for the Li15Si4 phase at room temperature) [52]. However, Si has two significant 
drawbacks which limit its applications. Firstly, it has large volume change (around 
300%) during lithiation/de-lithiation in the discharge-charge process which leads to 
pulverize Si electrode after few cycles, loss of electrical contact with the current 
collector, break the solid-electrolyte interphase (SEI) films and eventually poor 
cycling stability of the system. Secondly, Si has a low electronic conductivity 
compared to graphite [53]. To date, many attempts have been paid to overcome these 
issues in order to use this potential material in LIBs industry. 
One of the popular strategies is to form nano-Si because the stored elastic energy 
resulted from expansion/contraction in nano-Si is not enough for crack initiation and 
propagation and so they can tolerate the damage and can effectively accommodate the 
volume variation [53-55]. Additionally, the much higher surface area of nanomaterials 
compared to bulk materials can contribute to faster lithiation/de-lithiation, resulting in 
the improved rate performance [56, 57]. Particular electrode architecture of porous 
silicon nanoparticles [58, 59] and hollow silicon nanoparticles [60, 61] could also 
adequately address the cycling stability issue of Si, however, volumetric capacity 
needs to be sacrificed. Later on, core-shell structures such as Si@C core-shell structure 
[62], core-shell Si@SiOx/C nanoparticles [63] and yolk-shell structure of Si/C [64] 
were developed with acceptable cycling stability but low volumetric capacity and high 
fabrication cost for commercial applications. Silicon nanotubes (SiNTs) were reported 




expansion during lithiation and lithium diffusion from both inner and outer walls [65-
67]. SiNTs showed an appropriate functioning in LIBs as Park et al. [68] could achieve 
capacity retention of 89% after 200 cycles at a rate of 1C, although low volumetric 
capacity due to the low mass density of SiNTs and high-cost production are barriers 
for using in industrial scale. Silicon nanowires (SiNWs) have attracted considerable 
attention in LIBs as SiNWs provide sufficient space for volume change and strong 
electrical contact between wires and substrate [54]. The first SiNWs anode was 
reported by Cui et al. [69] with improved cycle life and Coulombic efficiency. Many 
pieces of research were carried out to modify the synthesis methods of SiNWs in order 
to obtain high yield and cost-effective SiNWs with enhanced electrochemical 
performance [70, 71], despite the decreased volumetric capacity regarding the 
presence of the substrate.   
Although the use of Si nanosheets has many advantages over nanoparticles, such as 
easy lithiation and decreased volume change due to the short distances across thin 
sheets [72, 73], they have been rarely studied. On the other hand, Si nanosheets have 
high mass density compared to other structures which is beneficial to achieve higher 
volumetric capacity [57]. Recently, Ryu et al. [74] could achieve a scalable synthesis 
procedure of SiNSs which showed good cyclic stability (capacity retention of 92.3% 
after 500 cycles at a rate of 0.5C) with a capacity of 865 mAh g−1 at a 0.5C rate. Few 
other attempts were carried out to develop SiNSs for LIBs [75-78], but there is still a 
huge demand for finding facile and cost-effective synthesis methods for improving 
electrochemical performances of SiNSs.   
Another approach to enhance electrochemical performance of Si is to form composites 
with various buffer phases which can accommodate the stress created by Si 




carbon as it plays both roles of an elastic buffer and conductive material [80, 81]. Many 
studies have investigated the electrochemical performance of Si composites with 
different kinds of carbon materials including graphite [82-84], carbon nanotubes [85, 
86], carbon nanofibers [87], amorphous carbon [88] and graphene [89, 90]. Si-C 
composites with various structures have been developed, however, the structures in 
which Si is encapsulated inside carbon material with space around Si such as yolk-shell 
structures represent the best performance due to compensating the volume change and 
formation of stable SEI layer on carbon materials [91]. Even though the produced Si-C 
composites have shown some improvements in the electrochemical performance of 
Si-based anodes, low cost and facile synthesis approaches resulting in higher 
performance materials are highly required.    
 
2.3.3.1. Silicon-graphite nanocomposites  
 
Compared to other carbonaceous materials, graphite is presently the dominating anode 
material for commercial LIBs, with high electronic conductivity, excellent cycling 
stability, high initial Coulombic efficiency and low cost. Hence, it is a very promising 
candidate to use as an active matrix for Si [92]. Graphite-silicon composite can 
promote silicon electrochemical performance by accommodating the strain resulted 
from lithiation/de-lithiation, increasing electronic and ionic conductivity, preventing 
agglomeration of Si nanoparticles and maintaining the electrical contact between 
electrode and substrate [93-95]. It can also compensate for the low capacity of graphite 
in LIBs. Some research has been carried out on developing graphite-silicon composite 
through designing the composite structure [92, 95, 96] and using appropriate binders 




Kim et al. [95] produced a composite of Si/carbon/graphite via a combined 
chemical-thermal process which delivers a specific capacity of 712 mAh g-1 after 50 
cycles at a current density of 130 mA g-1. A silicon/carbon/natural graphite composite 
was also reported by Wang et al. [99] prepared by a chemical-mechanical-thermal 
procedure. This composite delivers a specific capacity of ~471 mAh g-1 after 100 
cycles at a current density of 100 mA g-1. Even though the produced Si-C composites 
delivered a reasonable capacity, rate capability of the produced Si-C composites was 
not promising for high-rate lithium-ion batteries. Further studies are required to 
establish a scalable and cost-effective synthesis approach, design and optimize the 
structure of active materials and achieve promising rate capability and cycling 
stability.  
 
2.3.3.2. Silicon-carbon fibre nanocomposites  
 
Among the extensive efforts on Si-C hybrids as the anodes for LIBs, Si-carbon fibre 
composite has shown to be a useful structure due to creating a stable solid-electrolyte 
interphase layer and providing excellent electric conductivity. The generated free 
space between the fibres network in the Si-CF composite compensates the volume 
change of Si during Li+ insertion/de-insertion and enhance the cycling performance 
[100, 101]. Nanostructured Si-CF composites containing Si nanoparticles and 
fine-diameter fibres can speed up the Li+ diffusion and electron transfer in the electrode 
[102].  
Electrospinning has been used as a technique to produce fibres, nanofibers and 
composite fibres. Besides, it is a potential process to provide flexible, binder and 




attention due to the growing demand for wearable devices or roll-up displays. To 
advance flexible LIBs, the components of current collectors, electrode materials and 
solid electrolytes need to be developed [104]. Moreover, replacement of binder and 
collector-free Si-CF electrodes not only enable light-weight LIBs, but also 
significantly decrease the costs in industry settings by removing the slurry-making step 
of electrode fabrication and eliminating current collectors and inactive polymer 
binders [105].  
Nan et al. [106] synthesized a silicon-encapsulated hollow carbon nanofiber composite 
as a binder-free electrode via dip-coating phenolic resin onto the surface of electrospun 
Si/PVA nanofibers followed by a heat treatment. These electrodes deliver a capacity 
of 745 mAh g−1 after 50 cycles at a current density of 100 mA g−1. Si-C nanofiber 
composites were fabricated by Min et al. [102] using electrospinning method which 
results in a capacity of 1600 mAh g−1 after 50 cycles at a current density of 0.1C 
however, it is not reported as a flexible electrode. Several studies also used 
electrospinning in multi-step processes to fabricate flexible or ordinary Si-CF 
electrodes with engineered structures containing voids or carbon coatings [100, 107, 
108]. Despite recent valuable research to develop flexible Si-CF anodes, little attention 
was paid to the structural investigations on the flexible Si-CF nanocomposite 
electrodes along with focusing on their high rate performance. These investigations 
can open ways to advance flexible and light-weight Si anodes with high capacity, long 







2.4. Summary of literature review 
 
In-depth literature review suggests that the development of anode materials with 
enhanced rate capability is highly required for future LIBs. Among various anode 
materials, graphite and silicon are the two suitable candidates for the development of 
high rate capacity anodes to meet the future energy demand for high power 
applications. Despite huge researches on graphite and silicon anodes, they have not 
fully developed yet for the future LIBs due to some drawbacks discussed earlier.  
Many attempts have been carried out to develop graphite anodes for LIBs through 
manipulation the structure via the simple, scalable and low-cost method of ball milling; 
however, there are still some gaps in the previous studies. Most studies demonstrate 
milling graphite for a longer time which is not a cost-effective approach. Furthermore, 
limited systematic, comprehensive electrochemical examination tests, particularly for 
high current rates and the establishment of the relationship among milling conditions, 
structure and electrochemical performances were demonstrated. Therefore, further 
studies to produce graphite nanostructures via the scalable and cost-effective approach 
of ball milling and investigate their structure-function relationship can open ways to 
develop graphite-based anodes for high-rate Li-ion batteries.  
Despite considerable valuable research to develop silicon for LIBs through rational 
designs of Si-C hybrids, most of the proposed methods are complicated, costly and 
difficult to control. Improved electrochemical performances are observed in 
Si-graphite and Si-carbon fibre nanocomposites, however, their structure-function 
relationships are not fully understood, particularly for high current rates. Moreover, 
structure-LIB performance investigations of Si-CF nanocomposites enable developing 
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Chapter 3    Experimental and characterization techniques 
 
This chapter presents the experimental techniques used for materials preparation and 
synthesis, the characterization of the produced materials and their electrochemical 
measurements for Li-ion batteries.  
 




Ball milling is a top-down synthesis approach widely employed in the research or 
industry due to being a simple, low-cost, environmentally friendly and high-yield 
method. In ball milling technique, ball milling containers loaded with materials rotate 
or shake, and the rhythmically moving balls create impact or shear force on the 
powders (Fig. 3-1). Mechanical alloying (MA) and mechanochemical synthesis (MS) 
(involving chemical reactions occurring during milling) are two processes leading to 
synthesis nanomaterials, nanostructures, and nanocomposites during ball milling. 
Furthermore, the mechanical energy of ball milling can break the particles, create new 
fresh surfaces and decrease the particle size to the nanoscale. Ball milling is a complex 
process which involves a number of variables need to be optimized for achieving the 
desired product microstructure and/or phase. Some of the important parameters are the 
type of mill, milling container, milling time, milling speed, grinding medium (type, 
size, and size distribution), the extent of filling the vial, ball-to-powder weight ratio, 
temperature of milling, milling atmosphere and process control agents. These variables 
are dependent on each other; for example, milling speed is dependent on the grinding 




such as SPEX shaker mills, planetary ball mills, attritor mills, commercial mills and 
new designs such as magneto ball mills [1, 2].  
 
 
Fig. 3-1 Schematic of the milling vial rotating in a horizontal ball milling machine. 
 
In the current study, ball milling method is used for particle refining to the nanoscale, 
preparation of the desired particle morphology and nanocomposite fabrication. In this 
regards, a Fritsch PULVERISETTE7 premium line machine with 80 mL vials was 
used. Milling processes were carried out in an Ar atmosphere using 1.25-1.6 mm 
zirconia microbeads with the ball to powder ratio of 28:1 and the rotation speeds of 
600 or 800 rpm. The initial amount of the loaded materials varied from 1 to 2.5 g, and 
the milling time varied between 0.5 to 5 h. After milling, the extraction of materials 




Electrospinning or electrostatic fibre spinning is a simple and modern process by 




produced. In electrospinning, droplets of a polymer solution are surface charged and 
driven jet through a spinneret in a high-voltage electrostatic field (Fig. 3-2). The 
variables and parameters of the electrospinning process are;  
(i) Material parameters: molecular weight of the polymer, molecular weight 
distribution and architecture (linear, branched, etc.), properties of polymer 
solution (conductivity, viscosity, surface tension, the dielectric constant, 
charge carried by the spinning jet). 
(ii) Process parameters: applied voltage, flow rate, electric potential, the 
distance between the nozzle and collector, ambient parameters (humidity, 
air velocity and temperature in the chamber) and collector motion [3, 4]. 
In this study, the electrospinning technique was employed to synthesis fibre 
nanocomposites as the free-standing and flexible electrodes. A syringe with the needle 
size of 18 was filled with the prepared solution, and the solution was electrospun with 
the applied voltage, feeding rate, and distance between the tip and collector of 20 kV, 
1.0 mL h-1, and 15 cm, respectively. Nanofibers diameter were controlled by the 
concentration of the polymer solution. 
 




3.1.3. Heat treatment 
 
Heat treatment was used for stabilization and carbonization of the polymeric fibre 
nanocomposites. The as-electrospun samples were stabilized in a fan forced oven 
(Labec, Au) with an air atmosphere. Carbonization was carried out in a tube furnace 
(Tetlow, Au) under an argon atmosphere.  
 
3.2. Materials characterisation 
 
3.2.1. X-Ray diffraction (XRD) 
 
X-ray diffraction (XRD) technique provides detailed information about the chemical 
composition, crystallographic structure, and physical properties of materials in a 
non-destructive form. In a material with the regular arrangements of the atoms, the 
incident X-rays on the atoms are diffracted in a well-defined angle, θ (Fig. 3-3). This 
phenomenon was formulated by W. L. Bragg in 1912 as the Bragg’s Law: 
2                                                                                                          Eq. 3-1 
where λ is the X-ray wavelength, d is the interplanar spacing, and θ is called Bragg 
angle [5].  
 





In order to investigate the structural changes or the phases of the ball milled powders 
and fibre composites, X-Ray diffraction (XRD) experiments were carried out through 
a PANalytical X’pert pro instrument with Cu Kα X-ray of =1.54181 Å and an 
operating voltage of 40 kV at 30 mA current. The samples were scanned over 10-90 
with a step time of 30 sec and a step size of 0.02.  
The XRD patterns were analysed using X’pert HighScore software to identify the 
phases and elements and their crystallinity. The average crystallite sizes of the samples 




                                                                                                            Eq. 3-2 
where K is a constant related to crystallite shape normally taken as 0.9, λ is the X-ray 
wavelength in nanometer, and β is the peak width of the diffraction peak profile at half 
maximum height in radians.  
 
3.2.2. Raman spectroscopy 
 
Raman spectroscopy is based on the Raman scattering process which occurs when 
light scatters in-elastically from a molecule or crystal. A change in rotational, 
vibrational or electronic energy of a molecule can lead to decrease the optical 
frequencies of a small fraction of incident photons (around 1 in 107 photons) and create 
Raman effect. Raman spectroscopy provides a definitive means of identifying 
chemical composition and molecular bonds due to energy absorption. The Raman shift 
is calculated using the wavelengths of the incident and scattered photons [6]: 




Raman spectra of the samples were obtained using a Renishaw inVia confocal 
microscope system (Gloucestershire, UK) and a Modu-Laser argon ion laser with a 
514 nm excitation. 
 
3.2.3. Brunauer-Emmett-Teller (BET) specific surface area 
 
Brunauer-Emmett-Teller (BET) specific surface area method is the most widely used 
procedure for determining the surface area of solid materials on the basis of gas 
molecules adsorption (generally N2 at T=77 K) [7]. Gas adsorption is a 
well-established tool for the characterisation of the texture of porous solids and fine 
powders. In the application of the BET method, two stages are involved. First, it is 
required to derive nm, a value of the BET monolayer capacity, from ‘BET plot’ 
achieved from a physisorption isotherm. Then, by adopting an appropriate value of the 
molecular cross-sectional area, the BET-area can be calculated from nm. 
The linear form of the BET equation is: 
/
/
/                                                                               Eq. 3-4 
where nm is the specific monolayer capacity, n is the specific amount adsorbed at the 
relative pressure p/p°, and C is exponentially related to the energy of monolayer 
adsorption [8].  
To compare the surface area of commercial graphite and ball-milled samples, BET 
specific surface area was obtained by a 5-point method and N2 adsorption at 77 K 







3.2.4. Thermogravimetric analysis (TGA) 
 
Thermogravimetric analysis is a kind of thermal analysis to study the chemical 
processes dependent on heating/cooling such as pyrolysis, decomposition, phase 
changes, ignition and calorimetry. In the TGA method, the sample inside a furnace is 
connected to an analytical balance, and the instrument records the weight changes vs. 
temperature [9]. 
In this study, TGA of the fibre nanocomposites was carried out using a Q50 TGA (TA 
Instruments). Samples were heated from room temperature to 900 °C with a rate of 10 
°C min-1 under an air flow of 60 mL min-1 (N2 as balance gas 40 mL min-1). 
 
3.2.5. Scanning electron microscopy (SEM)  
 
In this study, the structure, morphology and particle size of the produced nanoparticles 
and nanocomposites were examined through the SEM. Secondary electron images 
from a Hitachi S4500 Zeiss Supra 55VP operated at 2kV instrument were used for the 
analysis of each sample. Post-cycling analysis of the electrodes was also carried out 
using SEM images. In order to sample preparation, the cycled electrodes were taken 
out from the cell and washed with dimethyl carbonate (DMC) to remove the residual 
electrolyte.  
 
3.2.6. Transmission electron microscopy (TEM) 
 
Further structural investigation of the produced nanocomposites was carried out using 
TEM images and EDS maps acquired from a JEOL JEM 2100 instrument operated at 
200 kV with the LaB6 beam source. TEM bright-field images were obtained using a 




Energy-dispersive X-ray spectroscopy (EDS) maps were acquired using a JEOL 
JD2300 energy-dispersive X-ray analyzer installed on the JEOL JEM 2100 
microscope. 
 
3.3. Electrochemical measurements 
 
3.3.1. Electrode preparation 
 
In order to prepare anode electrodes for electrochemical measurements, graphite 
nanoparticles as active materials, carbon black and PVdF (polyvinylidene fluoride) in 
a weight ratio of 8:1:1 were mixed thoroughly and dissolved in NMP 
(N-methyl-2-pyrrolidone). For Si-based electrodes, gum Arabic was used as the binder 
[10], and the mixture dissolved in deionized water. The mixtures including pure Si are 
in a weight ratio of 6:2:2. The slurry was uniformly coated onto a copper foil of 11 
cm2 with an average loading of 1-1.5 mg/cm2, and the electrodes were dried in a 
vacuum oven at 90oC overnight.   
 
3.3.2. Coin cell assembly 
 
The electrochemical tests were conducted by the half-cells containing Li metal as both 
reference and counter electrodes, a microporous polyethylene film (MTI Corporation, 
USA) as a separator, and 1 M LiPF6 salt dissolved in a mixture of ethylene carbonate 
(EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) with a volume ratio of 
1:1:1 as the electrolyte. 
Electrodes were assembled into coin-type CR2032 cells inside Ar glovebox. The 
electrolyte used for the Si-based electrodes contained 10% FEC (fluoroethylene 






Fig. 3-4 Schematic of coin-cell components 
 
3.3.3. Galvanostatic cycling  
 
Galvanostatic cycling is a prevalent method to measure the capacity of the electrodes 
during charge or discharge. In this technique, a constant current is applied to the 
electrode, and the voltage behaviour is studied within a fixed voltage window. The 
capacity of the electrode can be measured by multiplying the applied current by the 
test time (  which is in mAh g-1 and equals the transferred electrons in each 
cycle. The current rate applied to the electrodes is often determined according to the 
theoretical capacity of the electrode and is stated as C-rate.  
The galvanostatic charge-discharge cycling of the half-cells was carried out using a 
Land battery testing CT2001A system (wuhan Land Electronics Co Ltd., China) and 
the data were collected by LANDdt software. The charge-discharge tests were 




Li+/Li. Charge-discharge capacity, capacity retention, Coulombic efficiency and rate 
capacity were measured from the galvanostatic cycling results.    
 
3.3.4. Cyclic voltammetry (CV) 
 
Cyclic voltammetry (CV) is the most usual electroanalytical technique with the main 
advantage of the ability to characterize an electrochemical system. The CV experiment 
values containing current versus the applied potential to the electrode are used to 
investigate the mechanisms of the occurred reactions in the electrode. CV 
measurements were conducted using an Ivium-n-Stat computer-controlled 
electrochemical analyser (Ivium Technologies, The Netherlands) or a 1470E cell test 
system (Solartron, England). Cyclic voltammograms were recorded in the voltage 
range of 0.01-2 V vs. Li+/Li and at the scan rate of 0.25 mV S-1. 
 
3.3.5. Electrochemical impedance spectroscopy (EIS) 
 
Electrochemical impedance spectroscopy, EIS, is a very powerful technique to gain 
information about kinetic parameters of the electrode process including those in the 
electrolyte, passivation layers, charge transfer and Li+ diffusion. In this method, a 
sinusoidal voltage signal is applied on the cell and a sinusoidal current with the same 
frequency but a shift in phase is recorded as the response. The ratio between these two 
parameters obtains the impedance stated as Z. The most important parameter related 
to a battery electrode is the charge transfer resistance, Rct, which is used for 
quantitatively characterizing the speed of an electrode reaction. EIS data of LIBs are 
most often represented in Nyquist plot relating the real values of impedance, ZRe, to 
the imaginary part of the impedance, ZIm, at a single frequency which gives the 




resistance), Rct and RSEI (solid electrolyte interphase resistance) can be achieved by 
simulating the EIS results for the cell system [11].  
EIS measurements of this study were carried out in a frequency range of 105 to 0.01 
Hz and with an AC voltage amplitude of 0.01 V using an Ivium-n-Stat 
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Chapter 4   High-rate performance of graphite         






Electrode materials with high energy and power densities as well as low cost and 
scalable preparation method can open up opportunities for the development of high 
performance lithium-ion batteries (LIBs) for powering mobile devices and low 
emission vehicles such as hybrid electric vehicles (HEVs), plug-in HEVs, and electric 
vehicles (EVs) [1]. Another significant demand for the future LIBs is the fast charging 
capability of the electrode materials especially anode materials for EVs to reduce 
charging time compared with fuelling time of the existing vehicles [2, 3].  
In 1991, using graphite anode with a flat potential profile below 0.5 V vs. Li/Li+ and 
a considerable specific capacity of 372 mAh g-1 (corresponding to one lithium per 
hexagonal carbon ring, i.e. LiC6) led to increasing volumetric and gravimetric energy 
density of LIBs up to 400 Wh l-1 and 165 Wh kg-1, respectively [4]. Additionally, 
graphite offers other advantages of good stability, high electrical conductivity, 
non-toxicity, low cost, low volume change during lithiation (only 10%) and natural 
abundance. Therefore, graphite was used as a good alternative to soft/hard carbons, 
and it is still the most common anode material in LIB technology [5]. Basically, 
graphite is composed of graphene layers held together by van der Waals forces in a 
stacking sequence of AB or ABC while Li-ions intercalation into these layers results 
in an AA stacking configuration [6]. The other structural feature of graphite is that 




hexagonal graphene layers, thus creating high electrical conductivity [7]. Despite the 
valuable features of graphite anode in LIBs, the high-rate performance of graphite is 
limited and this issue has not been addressed as much as capacity. 
To enhance the performance of graphite in LIBs, many research efforts have already 
been devoted. One strategy is the creation of new graphitic structures such as carbon 
nanotubes [8] and graphene [9]. The other approaches are manipulating graphite 
structure through doping non-metal elements (B, N, P, S) [10, 11] or disordering 
graphite structure by various ball-milling techniques [12-16]. It is demonstrated that 
rate capability of the electrode materials in LIBs depends critically on the migration 
speed of Li+ and electrons through electrolyte and bulk electrode. Employing 
nanomaterials with reduced path length can accelerate electrode kinetics [17, 18]. 
Among various techniques, ball milling is recognized as a suitable method, which can 
produce a large amount of materials and effectively reduce particles size down to the 
nanometre level.    
In 2001, Natarajan et al. [16] examined the effect of ball milling on lithium 
intercalation properties of graphite powder and found that reversible capacity of the 
milled graphite powder decreases but irreversible capacity increases with increasing 
milling time. This behaviour was attributed to the destroyed surface and increased 
basal plane surface area due to extended milling, which leads to the exfoliation of the 
graphite by intercalation of the solvated lithium ions. A comprehensive 
electrochemical investigation is required though to study the structure-LIB function 
relationship of the ball-milled graphite. 
Later on, Robledo et al. [19] performed ball milling of graphite for long durations 
under oxygen atmosphere which resulted in an increase in the Li+ storage and capacity 
of the graphite electrodes. They correlated this behaviour to the oxygen content of the 




species as the adsorption sites for Li+. However, the demonstrated capacity (250 mAh 
g-1 at 0.5C) and rate capability (~ 50 mAh g-1 at 10C) of the milled graphite were not 
very promising. 
Recently, Xing et al. [20] reported that the capacity of ball-milled graphite in an argon 
atmosphere increases with increasing milling time due to the disordering of the 
graphitic structure and creating a porous structure. Even though they presented higher 
capacity and rate capability for milled graphite compared to the commercial graphite, 
their obtained capacity for commercial graphite at a low current density of 37 mA g-1 
was ~225 mAh g-1, which is far lower than the theoretical capacity of graphite. 
Consequently, the capacity (~316 mAh g-1 at 0.1C) and rate capability (~20 mAh g-1 
at 5C) of the ball-milled graphite were rather low. In their study, however, a new 
capacitive reaction mechanism (rather than typical lithium intercalation mechanism) 
was proposed.  
Despite these attempts towards advancing the electrochemical performance of graphite 
through mechanical milling, further research including more comprehensive 
electrochemical investigations and structural characterizations is required. Effective 
and facile ball-milling processes are needed to be designed to achieve graphite 
nanostructures with high surface area. Furthermore, a deep insight into ball-milled 
graphite structure and its correlation with electrochemical performance especially 
rate-performance would be helpful to design more functional graphite-based anode 
materials for high-performance LIBs.     
In this study, a facile but effective ball milling process is designed by which graphite 
nanostructures are produced from commercial graphite and a positive linear correlation 
between ball-milling duration and surface area of graphite is obtained. The structure 




surface area are studied using XRD, BET, Raman, SEM and TEM analysis. An 
in-depth investigation of the electrochemical behaviour especially rate capability of 
nano-graphite powders is conducted to achieve a good overview of the LIB 
performance of the graphite nanostructures. Finally, the mechanism behind the LIB 
performance of the nanostructured graphite electrodes at low and high current rates is 




4.2.1. Materials preparation 
 
Commercial graphite (CG) powder (particle size < 20μm, 99% purity, Sigma-Aldrich) 
was used as the starting material for producing ball-milled graphite by a Fritsch 
PULVERISETTE7 premium line machine. 2.5 g of CG powder was loaded into the 
ball milling jar and milling process was carried out in an Ar atmosphere using 1.25-1.6 
mm zirconia microbeads with the ball to powder ratio of 28:1 and the rotation speed 
of 600 rpm. After milling, the extraction of materials from the milling jar was 
performed in a nitrogen glovebox. A series of materials was prepared and samples are 
denoted as their milling duration of 1, 2, 4, and 5 h. 
 
4.2.2. Structural characterizations 
 
X-Ray diffraction (XRD) experiments were carried out using a PANalytical X’pert pro 
instrument with Cu Kα X-ray of =1.54181 Å, an operating voltage of 40 kV and 30 
mA current. Brunauer-Emmett-Teller (BET) specific surface area was obtained by a 
5-point method and N2 adsorption at 77 K measured by Tristar 3000, Micromeritics 




inVia micro-spectroscopic system with a laser wavelength of 514 nm. Scanning 
electron microscopy (SEM) images of the powders were acquired from a Hitachi 
S4500 Zeiss Supra 55VP instrument operated at 2kV. Transmission electron 
microscopy (TEM) was employed for obtaining TEM bright-field images using a 
JEOL JEM 2100 instrument operating at 200 kV with the LaB6 source beam, a Gatan 
Orius camera, and a Gatan Digital Micrograph software. Microstructural Image 
Processing (MIP) software was used for quantitative analysis of SEM and TEM images 
of graphite powders [21].  
 
4.2.3. Electrochemical measurements 
 
In order to prepare test electrodes for electrochemical measurements, commercial 
graphite or ball-milled graphite, carbon black and PVdF (polyvinylidene fluoride) in a 
weight ratio of 8:1:1 were mixed thoroughly and dissolved in NMP 
(N-methyl-2-pyrrolidone). The slurry was uniformly coated onto the copper foil of 11 
cm2 and the electrodes were dried in a vacuum oven at 90 oC for overnight. 
CR2032-type coin cells containing prepared test electrode, Li metal as a counter 
electrode, and a microporous polyethylene film (MTI Corporation, USA) as a separator 
were assembled in an argon (Ar) glovebox. The electrolyte was 1 M LiPF6 salt 
dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC) and 
diethyl carbonate (DEC) by a 1:1:1 volume ratio.  
The galvanostatic charge-discharge capacities were measured for the coin cells using 
a Land battery testing CT2001A system (Wuhan Land Electronics Co Ltd., China) and 
the data were collected by LANDdt software. The charge-discharge tests were 
conducted under different current densities within the voltage range of 0.01-2 V. 




range of 0.01-2.0 V at a scan rate of 0.05 mV S-1 via a Solartron Analytical 
Electrochemical Workstation (1470E cell test system, England).  
 
4.3. Results and discussion 
 
4.3.1. Structural characterization 
 
XRD patterns of the commercial graphite (CG) and ball-milled graphite are shown in 
Fig. 4-1 (a). All the pronounced diffraction peaks for the ball-milled samples are 
well-matched with the commercial graphite peaks. The average crystallite sizes of the 
CG and ball-milled samples were calculated using the Scherrer formula: 
	
.
                                                                                                            Eq. 4-1 
where K is a constant related to crystallite shape normally taken as 0.9, λ is the X-ray 
wavelength in nanometer, and β is the peak width of the diffraction peak profile at half 
maximum height in radians [22]. Fig. 4-1 (b) shows that crystallite size decreases with 
increasing milling time, as it is the normal phenomenon in ball milling of crystalline 
materials.  
The specific surface areas of the commercial graphite and ball-milled graphite were 
analysed using the Brunauer-Emmett-Teller (BET) method. Commercial graphite 
(CG) exhibits a much smaller BET specific surface area of 9.75 m2 g-1 as compared to 
those of the ball-milled 2h (21.73 m2 g-1), 4h (281.21 m2 g-1), and 5h (349.57 m2 g-1) 
samples (Fig. 4-1 (c)). BET surface area shows no considerable increase when 
ball-milling is performed in a short period of time (1h). It is, however, clearly seen that 
BET surface area increases with increasing milling time, therefore the applied 
ball-milling conditions are appropriate to prevent welding particles together after 




area of approximately 350 m2 g-1, which is about 20 times higher than that of 1h 
ball-milled sample at around 18 m2 g-1.  
Fig. 4-2 (a) shows Raman spectra of CG and milled graphite. The spectrum of CG has 
3 regular bands of D, G and 2D at the positions of around 1346, 1569, and 2695 cm-1, 
respectively. The intensity of the D band is lower for the CG demonstrating a relatively 































































Fig. 4-1 XRD patterns (a), crystallite sizes (b), and BET specific surface area (c) of 
commercial graphite (CG) and ball-milled graphite samples.  
 
By milling commercial graphite for 2 h, D band intensity rises significantly, however, 
by further milling to 5 h, no major alteration is found in D band intensity. The intensity 
of the G band related to SP2 carbon networks [24] decreases with ball milling. This 
indicates the reduction of SP2 domains in the basal planes. On the other hand, the 2D 
band is very sensitive to the stacking order of the graphene sheets along the c axis [25]. 
Ball milling decreases 2D band intensity, which is corresponding to the change in the 
original order of the basal planes, and creating a stacking fault in the graphite structure. 
The intensity ratio of ID/IG which is an indication of structural defects quantity [26], 
rises with increasing milling time (Fig. 4-2 (b)). The intensity ratio of 0.23 in CG 
changes rapidly to 0.65 after milling for 2 h, and it is then increased slowly. The 
variation of ID/IG demonstrates the creation of structural defects in the ball-milled 
graphite, however, the growth of structural defects by further milling from 2 h to 5 h 
is not as major as that of for 2h milled graphite.  
 







































Fig. 4-2 Raman spectra (a) and ID/IG (b) of CG, 2h, and 5h. 
 
Fig. 4-3 shows the SEM and TEM images of CG and ball-milled graphite. As can be 
seen in Fig. 4-3 (a), numerous large sheets of CG with the size of 0.5-17 m form CG 
clusters. A significant morphological alteration is visualised in the milled samples. 
Milling CG for 2h leads to exfoliate the graphite layers to nanosheets with the length 
of 140-800 nm, which are further agglomerated and form several micrometre-clusters 
(Fig. 4-3 (b, d)). TEM image of 2h milled graphite clearly represents the polygonal 
morphology of the graphite nanosheets with the thickness of 34-53 nm (through 
thickness measurement of the perpendicular nanosheets to the page). By increasing 





































milling time to 5 h, graphite flakes reduces to agglomerated fine graphite particles with 
the size of 20-180 nm (Fig. 4-3 (c, e)). The TEM image reveals highly reduction of 
graphite flakes and appearing nanoflakes with the thickness of 7-20 nm by ball milling 
for 5 h. Higher-magnification TEM images of the 5h sample are provided in the 
appendix, Fig. A1 (at the end of the chapter). 
 
 
Fig. 4-3 Electron microscopy characterization of CG and ball-milled graphite: low and 
high-magnification SEM images of CG (a), 2h (b), and 5h (c); TEM images of 2h (d) 




4.3.2. Electrochemical characterization 
 
Fig. 4-4 (a) compares the cycling performance among the three electrodes of CG, 2h, 
and 5h at a current density of 0.25C (1C = 372 mA g-1) within the voltage range of 
0.01-2.0 V. The obtained discharge capacity of CG electrode is ~370 mAh g-1 after 
200 cycles, which delivers capacity retention of 99.46% with respect to the theoretical 
capacity of 372 mAh g-1. Ball-milled 2h electrode exhibits stable capacity of ~353 
mAh g-1 (~95% retention with respect to the theoretical capacity of 372 mAh g-1) after 
200 cycles, whereas it is ~263 mAh g-1 for the 5h electrode. Ball-milled 5h electrode 
exhibits lower capacity retention than that of 2h and CG electrodes. Cycling 
performance of the ball-milled 1h and 4h electrodes with the lower capacity retention 
than CG is depicted in Fig. A2 (a) shown in appendix. It is demonstrated that capacity 
retention of the milled graphite electrodes is decreasing with increasing milling time 







































































































































Fig. 4-4 Electrochemical performances of CG, 2h and 5h electrodes: (a) cycling 
stability at a 0.25C (1C = 372 mA g-1) up to 200 cycles; (b-d) corresponding 
galvanostatic discharge/charge profiles for the selected cycles obtained at 0.25C; (e) 
reversible and irreversible capacity as a function of BET specific surface area of the 
active material. 
 
The corresponding discharge/charge voltage profiles of CG, 2h, and 5h electrodes are 
shown in Fig. 4-4 (b-d). The measured 1st, 2nd, 50th, 100th and 200th cycle 
discharge/charge capacities were found to be around 396/262, 416/373, 373/371, 
371/371, and 370/370 mAh g-1 for CG electrode; 583/360, 402/362, 353/352, 353/352, 
and 353/352 mAh g-1 for 2h electrode; and 1479/385, 489/356, 277/273, 271/269, and 
263/262 mAh g-1 for 5h electrode, respectively. Considering the charge curves 
obtained at the end of each cycle, the 2h milled graphite electrode demonstrates the 
best reversibility.  
In discharge/charge curves of the CG, 2h and 5h electrodes, CG electrode shows 
typical flat discharge/charge curves with the majority of capacity between 0.1-0.25 V 
vs. Li/Li+ (Fig. 4-4 (b)), whereas 5h electrode shows sloppy curves with small plateaus, 
leading to capacity spreading over 0.01-2.0 V (Fig. 4-4 (d)).  In the case of the 2h 































electrode, discharge/charge curves still show significant plateau within the same 
voltage range similar to the CG electrode with shorter capacity range but better 
reversibility than CG electrode (Fig. 4-4 (c)).  
The BET surface area is increased dramatically when milling time is increased from 2 
h to 5 h, leading to the high irreversible capacity of the electrodes but decreasing 
reversible capacity (Fig. 4-4 (e)). The same trend is also observed in 1h and 4h 
electrodes as shown in Fig. A2 (b) in the appendix. 
To achieve a deep understanding of the effect of milling time on the rate performance, 
multi-current galvanostatic discharge/charge experiments were carried out. The 
consecutive cycling behaviour at different discharge/charge rates was measured after 
5 cycles in ascending steps from 0.5-20C (1C = 372 mA g-1) and followed by a return 
to 0.5C (Fig. 4-5 (a)). It is seen that both 2h and 5h electrodes show higher reversible 
capacity at high current rates of 3-20C than that of CG electrode. Even though CG and 
2h electrodes exhibit similar electrochemical performance in the moderate current 
rates of 0.5 and 1C, the rate performance of 2h electrode at a high current rate of 3-20C 
is higher. The reversible capacity of the 5h electrode in moderate current rates (0.5 and 
1C) is much lower than that of 2h and CG electrodes, and the results are well consistent 
with the cycling performance as shown in Fig. 4-4 (a). However, an interesting 
electrochemical phenomenon of the 5h electrode is observed when the current rate 
increases from moderate to very high. The 5h electrode delivers a reversible capacity 
of 86.8 mAh g-1 at 6C, 74.3 mAh g-1 at 10C, and 55.7 mAh g-1 at 20C, which is higher 
than that of CG and 2h electrodes showing 42.1 and 60.2 mAh g-1 at 6C, respectively. 
Such a high rate performance of the 5h electrode could be related to the new 
lithiation/de-lithiation mechanism. It is visualised in the corresponding 




curves of the 5h electrode at high current rates of 3-20C (compared to 2h and CG 











































































Fig. 4-5 Rate performance (a) and corresponding discharge/charge potential profiles 
obtained at each rate (b-d) of the CG, 2h, and 5h electrodes.   
 
To further assess the electrochemical behaviour of Li+ with CG, 2h, and 5h electrodes, 
cyclic voltammetry (CV) studies were carried out at a scan rate of 0.05 mA s-1 in the 
voltage range of 0.01-2.0 V (Fig. 4-6). For the CG electrode, a pair of typical redox 
peaks are observed in the CV curve (Fig. 4-6 (a)). In the cathodic scan, the voltage of 
lithium insertion (intercalation) is about 0.18 V vs. the Li/Li+ reference electrode, 
whereas in the anodic scan the voltage for lithium extraction (de-intercalation) varies 






























































between 0.18-0.27 V in different cycles [27]. In addition, a broad peak is seen at around 
0.62 V in the first cycle cathodic scan which corresponds to the SEI (solid-electrolyte 
interphase) layer formation. For the ball-milled graphite electrodes, the CV profiles 
change significantly. The CV curve of 2h electrode demonstrates that lithium can 
smoothly intercalate and de-intercalate into the electrode (Fig. 4-6 (b)). A pair of 
dominant redox peaks at around 0.06, 0.14 V/0.25 V is clearly observed in the 
cathodic/anodic scan which corresponds to intercalation/de-intercalation process. The 
reversibility is quite good for the 2h electrode as it shows very strong and overlapping 
de-intercalation peaks. Two peaks at around 0.75 and 1.5 V vs. Li/Li+ are observed in 
the first cycle in the 2h electrode. The peak at 0.75 V is related to the SEI layer 
formation, however, the additional small peak at 1.5 V is unknown for this electrode. 
It is apparent that the ball-milled 5h electrode performs differently in the CV 
experiment (Fig. 4-6 (c)). In the CV of the 5h electrode, the intensity of the typical 
intercalation/de-intercalation peaks is low, which implies that the 
intercalation/de-intercalation mechanism is no longer the dominant mechanism. This 
electrochemical behaviour is quite consistent with the discharge/charge voltage 
profiles of the 5h electrode with small typical intercalation/de-intercalation plateaus 









Fig. 4-6 Cyclic voltammograms of CG (a), 2h (b), and 5h (c) electrodes with a scan 
rate of 0.05 mA s-1. 












































































        
4.3.3. Lithiation/de-lithiation behaviour 
 
The nanoflakes of 5h milled graphite with high BET specific surface area (350 m2 g-1) 
and fine particles exhibit lower specific capacity than CG and 2h milled graphite at a 
low to moderate current rates, but a superior rate performance of the 5h electrode is 
realized when the current is changed to a higher density. Raman spectra of the CG and 
ball-milled graphite shows that ball milling leads to producing the structural defects in 
graphite. However, significantly lower capacity and higher rate capability of the 5h 
milled graphite cannot just be related to the increased disorder and defects in graphite 
structure, because no noticeable differences are observed in Raman spectrum between 
2h and 5h milled graphite. Moreover, the enhanced crystallite boundaries in the 
particles of milled graphite (as shown by crystallite size decrease (Fig. 4-1 (b)) may 
cause their own effect on the lithiation behaviour of the powders as a structural defect. 
It will be discussed in the following analysis. The measured discharge capacities in the 
first cycle of the CG, 2h, and 5h electrodes are 396.4, 582.8, and 1478.7 mAh g-1, 
respectively. This significant higher discharge capacity of the 5h electrode in the first 
cycle (2.5 times of 2h milled graphite) is compatible with the sharp rise of BET specific 
surface area of the 5h ball-milled graphite (Fig. 4-1 (c)). The high surface area can 
contribute higher capacity because of the creation of more sites for Li+ intercalation. 
Large discharge capacity in the first cycle for ball-milled graphite electrodes with the 
higher surface area and finer graphite particles demonstrates that they are capable for 
higher Li+ storage. With respect to diffusion formula described below, fine graphite 
powders produced by ball milling are beneficial for more intercalation of Li+: 




Where  is the intercalation time, D is the diffusion coefficient dependent upon the 
nature of the material, and L is the diffusion length dependent upon the size of the 
material.  
On the other hand, fine graphite particles with high surface area provide better access 
of the electrolyte to the bulk of the electrode that leads to intense (electro)chemical 
reactions between them, followed by formation of a larger SEI layer. It is confirmed 
by the big SEI peak in the CV curve (Fig. 4-6 (c)), and high irreversible capacity of 
the 5h milled graphite (Fig. 4-4 (e)). A significant number of Li ions are trapped inside 
the large SEI layer and cannot de-intercalate from the electrode [28-30]. Hence, finer 
active material particles with the high surface area can facilitate Li+ diffusion by 
shortening diffusion length, however, it develops massive SEI layer, which prevents 
easy Li+ de-intercalation, and causes instability and drop in capacity in the following 
cycles. Therefore, some strategies such as modifying electrolytes and electrolyte 
additives [31, 32], or developing effective techniques like Li-doping [33] are needed 
to control the SEI layer impacts on the irreversible capacity of nanostructured graphite 
electrodes. 
The electrochemical results show that when the surface area is doubled (2h milled 
graphite), the rate capacity at 6C, first cycle capacity and irreversible capacity 
increases by ~42, 47, and 65% of CG, respectively. By increasing the surface area to 
~35 times of CG (5h milled graphite), the rate capacity at 6C, first cycle capacity and 
irreversible capacity increases to ~100, 273 and 700%, respectively. It demonstrates 
that rise in the capacity is not proportional to the surface area increase. The increase 
of the irreversible capacity also reveals the impact of a large SEI layer formed on 
high-surface-area powders which is a drawback of nanomaterials for LIBs and limits 




Voltage profiles of 5h milled graphite electrode are almost sloppy and show a small 
plateau, while it is flat for 2h milled graphite (Fig. 4-4). Therefore, it can be inferred 
that Li+ do not intercalate easily in finer graphite particles (<180 nm), despite the fact 
that nanoscale particles facilitate the kinetics of Li+ diffusion and electron transport by 
shortening the diffusion pathways [35]; And electrodes with finer graphite particles 
contain more graphite particles with ideal basal plane orientation (parallel with the 
direction of Li+ diffusion), which should be beneficial to Li+ insertion. The sloppy 
voltage profile may be explained by decreasing crystallite size from 32 nm for 2h 
milled graphite to 11 nm for 5h which leads to increasing volume fraction of crystallite 
boundaries. Crystallite boundaries can perform as the barriers for Li+ diffusion inside 
graphite particles due to different basal plane orientations in each crystallite that brings 
about unsmooth Li+ intercalation. More importantly, graphite particles with the high 
surface area can provide many potential surface places to absorb Li+. If the Li+ 
absorbed on the surface of graphite particles exceed those that entered the particles, 
the main lithiation/de-lithiation mechanism cannot be intercalation/de-intercalation 
anymore leading to a small or disappeared plateau.  
Cyclic voltammograms of the 5h milled graphite are unlike the CG and 2h ones, as the 
intercalation peaks are minor in CV profiles of the 5h sample, and de-intercalation 
peaks become lower. In addition, few small peaks or distortions are observed 
throughout both lithiation and de-lithiation of the 5h electrode. Voltage profiles of the 
5h electrode are also different from the CG and 2h ones, showing nearly sloppy curves 
instead of flat profiles in low and moderate current rates and quite sloppy curves in 
high current rates. These can be a demonstration of a different lithiation/de-lithiation 
mechanism rather than typical Li+ intercalation/de-intercalation. The noticeable 
increase in first cycle capacity and rate capability of the 5h electrode also shows 




charge-discharge process. The new mechanism should be dependent on a major 
structural change of the ball-milled graphite, i.e. BET specific surface area as it highly 
increases from 9.75 to 349.57 m2 g-1 (~ 35 times) by extending ball milling to 5 h. This 
high surface area is playing a major role in the new lithiation/de-lithiation mechanism. 
Fig. 4-7 schematically represents how the lithiation/de-lithiation mechanism of 
graphite anodes can change at low and high current rates with increasing surface area 
of graphite. Fig. 4-4 (a) shows that increasing surface area of graphite can lead to a 
high first discharge capacity by Li+ absorption on the surface of the particles (Fig. 4-7 
(b)). Typical lithiation/de-lithiation mechanism (intercalation/de-intercalation) 
depends on diffusion of Li+ into graphite, so it is a diffusion-controlled and 
time-dependent reaction. Since high charge-discharge rates do not provide the required 
time for Li+ to diffuse into the graphite particles, Li+ interact with the surface of 
graphite particles (Fig. 4-7 (c, d)). Therefore, this new mechanism can be Li+ 
surface-storage or Li+ surface absorption, which is dependent on the surface area of 
the active material. By increasing current rate, two lithiation/de-lithiation mechanisms, 
i.e. Li+ intercalation/de-intercalation and Li+ surface-storage are balanced so that in 
high current rates of >1C, the second mechanism is dominant in the 5h ball-milled 





Fig. 4-7 Schematic of the evolution in the lithiation mechanism of graphite electrode 
by increasing the surface area of graphite at low and high current rates.  
 
The 2h electrode has better rate capability than CG and shows a significant plateau in 
voltage profiles at high current rates. The CV of the 2h electrode is also similar to CG 
representing sharp intercalation/de-intercalation peaks. Therefore, Li+ surface-storage 
mechanism is operating in high current rates, however, it cannot be the dominant 




area of 22 m2 g-1. SEM images of the 2h ball-milled graphite show that the employed 
ball milling conditions successfully led to the size reduction of large commercial 
graphite particles and exfoliate them into thin flakes with nanometre size. A 
continuous and smooth Li+ intercalation/de-intercalation takes place within these thin 
flakes, as the potential profile of 2h milled graphite electrode is flat and shows a good 
reversibility at charge curves (Fig. 4-4 (c)). This is further supported by CV analysis 
as 2h ball-milled electrode shows very strong and overlapping de-intercalation peaks 
in their anodic scan (Fig. 4-6 (b)). Therefore, electrodes of graphite nanosheets with 
the size distribution of 140-800 nm exhibit better electrochemical performance in 





Nanostructured graphite powders with high surface area produced by ball milling are 
capable to use as high-rate anode materials for lithium-ion batteries. The nanoflakes 
of 5h milled graphite with BET specific surface area of 350 m2 g-1 showed a specific 
capacity of 87 mAh g-1 at 6C, 74.3 mAh g-1 at 10C, and 55.7 mAh g-1 at 20C. Various 
electrochemical characterizations of graphite powders with 350 m2 g-1 surface area 
confirmed that a new mechanism is functioning for lithiation/de-lithiation of the 
electrodes rather than Li+ intercalation/de-intercalation mechanism. Considering the 
extremely high surface area, this new mechanism can be Li+ surface-storage or Li+ 
surface-absorption. By increasing the current rate, a balance between Li+ intercalation 
and Li+ surface-storage mechanisms takes place so that Li+ surface-storage mechanism 
becomes the dominant mechanism when ball-milled graphite half-cells are 




specific capacity of the electrodes, which can be attributed to the high surface area of 
the ball-milled graphite leading to intense (electro)chemical reactions between 
electrode and electrolyte, and formation of a large SEI layer. Therefore, to control the 
SEI layer impacts on the irreversible capacity of nanostructured graphite electrodes, 
some strategies such as modifying electrolytes and electrolyte additives, or developing 





















Structural characterization  
 


















































Fig. A2 Cycling stability of CG and ball-milled graphite for various durations at a 
0.25C rate (1C = 372 mA g-1) up to 100 cycles (a), reversible and irreversible capacity 
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Chapter 5   Preparation and high-rate performance of Si 
nanoparticles-graphite nanosheets composite as the anode 





Lithium-ion batteries (LIBs) with high power and high energy density along with high 
charge and discharge rate can fulfil the desire of substituting the internal combustion 
engine (ICE) cars by green vehicles such as hybrid electric vehicles (HEVs), plug-in 
HEVs, and electric vehicles (EVs), and storing wind and solar energy in order to 
transition from the running-out and CO2 emission sources of fossil fuels [1]. To 
achieve high-performance LIBs, the development of electrode materials, especially 
high-rate anode materials with low cost and scalable production processes is necessary 
[2, 3]. 
In order to enhance rate capability of the electrodes, active materials design with the 
aim of decreasing the diffusion pathways and increasing electrical conductivity of the 
materials is required which provide fast Li+ and electrons transport within the 
materials. Strategies of nanostructuring the active material and adding conductive 
materials can speed up Li+ and electron movement inside the electrode, respectively 
[4].   
Among anode materials, silicon has attracted interest due to its high theoretical 
capacity of 4200 mAh g-1, low discharge voltage vs. Li/Li+, and natural abundance. 
However, its main issue of high volume change (~420%) upon lithiation/de-lithiation 
causes rapid capacity fading due to structural destruction and unstable SEI 




these issues through the design of nanoscale Si anodes, e.g. nanoparticles, nanosheets, 
nanotubes, nanowires, porous nanostructures, and their particular hybrid structures [6-
13]. Nanostructured Si is capable to relieve the created stress-strain during 
lithiation/de-lithiation and can prevent fracture, as was revealed for Si nanoparticles 
below ~150 nm [14]. Nanostructured Si can also provide short diffusion paths for Li+ 
travelling and improve the rate capability of the electrode [15]. Furthermore, 
fabrication of Si nanostructured composites with carbon materials is an effective 
strategy to solve the issue of slow ion/electron transport rate in silicon along with 
increasing the conductivity and rate capacity of the anode [16]. Si-C composites with 
various structures have been developed, however, the structures in which Si is 
encapsulated inside carbon material with empty space around Si such as yolk-shell 
structures represent the best performance due to compensating the volume change and 
formation of stable SEI layer on carbon materials [17]. Graphite has been a good 
candidate for the preparation of Si-C composites because of its low volume change 
during lithiation (only 10%), high electrical conductivity, and natural abundance [18-
21]. Si-graphite hybrids can also compensate the low theoretical capacity of graphite 
(372 mAh g-1). 
As a continuous progress on Si-graphite composite anodes, Kim et al. [22] produced a 
composite of Si/carbon/graphite via a combined chemical-thermal process which 
delivers a specific capacity of 712 mAh g-1 after 50 cycles at a current density of 130 
mA g-1. A silicon/carbon/natural graphite composite was also reported by Wang et al. 
[21] prepared by a chemical-mechanical-thermal procedure. This composite delivers a 
specific capacity of ~471 mAh g-1 after 100 cycles at a current density of 100 mA g-1. 
Even though the produced Si-C composites delivered a reasonable capacity, the 
complicated preparation procedures limit their practical application. Rate capability of 




batteries. It is therefore needed to produce high-rate Si-C composite anodes via a 
scalable production method.   
In this study, Si-graphite nanocomposite was prepared via a facile and scalable ball 
milling process in which the starting materials of graphite nanosheets (fabricated and 
tested in chapter 4) and Si nanoparticles were also prepared by ball milling technique. 
Graphite nanosheets and Si nanoparticles were used with the aim of developing a 
composite structure containing: i) nano-Si particles for buffering the internal stress due 
to volume change, ii) well-encapsulated Si nanoparticles in graphite matrix which have 
indirect contact with electrolyte, iii) enough free spaces for compensating Si expansion 
during lithiation, and iv) nano-scale structure for increasing the transfer rate of Li+ and 
electron. Such an electrode architecture is expected to enhance the cyclability and rate 
capability of the Si-graphite composite by providing a stable SEI layer and improved 
conductivity. Preparation of the Si-graphite composites along with the size effect of Si 
nanoparticles on their structure and LIB performance particularly rate performance are 




5.2.1. Preparation of starting materials 
 
The required starting materials of Si nanoparticles and graphite nanosheets for the 
Si-graphite nanocomposites were produced using the ball milling machine of Fritsch 
PULVERISETTE7 premium line with 80 mL vials and 1.25-1.6 mm zirconia 
microbeads. Firstly, commercial graphite powder (particle size < 20μm, 
Sigma-Aldrich) was ball-milled for 2 h to exfoliate graphite into graphite nanosheets 
which is explained in chapter 4. In the second stage, Si nanoparticles were produced 




(Particle size < 150 m, Sigma-Aldrich) in an Ar atmosphere for 0.5 and 1 h, 
respectively. The process was carried out with the initial Si of 2.5 g, the ball to powder 
ratio of 28:1 and a high rotation speed of 800 rpm. Commercial Si nanoparticles with 
the particle size of 40 nm (MKNano) were also used as the starting material for the 
preparation of Si-graphite nanocomposite.  
 
5.2.2. Preparation of Si nanoparticles-graphite nanosheets composites 
 
Si nanoparticles-graphite nanosheets composites were prepared through a ball milling 
process by adopting a Fritsch PULVERISETTE7 premium line machine. The vials 
were sealed under an Ar atmosphere after filling with 1 g of graphite nanosheets (GNs) 
and Si nanoparticles (SiNPs) with the ratio of 9:1. The milling was carried out for 1 h 
using zirconia microbeads, with the ball to powder ratio of 28:1, and a rotation speed 
of 600 rpm. Three composites of SiNPs-GNs with 40, 140, and 250 nm SiNPs were 
produced which are denoted as 40SiNPs-GNs, 140SiNPs-GNs and 250SiNPs-GNs, 
respectively. The overall preparation procedure of SiNPs-GNs composites is 
schematically presented in Fig. 5-1.  
 
5.2.3. Structural characterizations 
 
Powder X-ray diffraction was carried out using a PANalytical X’pert pro instrument 
with Cu Kα X-ray of =1.54181 Å, an operating voltage of 40 kV, and 30 mA current. 
The scanning electron microscopy (SEM) characterization of the powders was 
performed by a Hitachi S4500 Zeiss Supra 55VP instrument. To support SEM analysis, 
structural investigations were further carried out using transmission electron 




beam source. TEM bright-field images were obtained using a Gatan Orius SC1000 
camera and Gatan Digital Micrograph software. Energy-dispersive X-ray spectroscopy 
(EDS) maps were acquired using a JEOL JD2300 energy-dispersive X-ray analyser 
installed on the JEOL JEM 2100 microscope. Si nanoparticles were quantitatively 
analysed from SEM images by adopting Microstructural Image Processing (MIP) 
software [23]. 
 
5.2.4. Electrochemical measurements 
 
To examine battery performance of the SiNPs-GNs composites, graphite nanosheets, 
and Si nanoparticles, the active material powders were mixed with carbon black and a 
binder in a weight ratio of 8:1:1 for SiNPs-GNs and GNs, and 6:2:2 for SiNPs. Then 
they are added to deionized water or NMP (N-methyl-2-pyrrolidone) solvent and 
stirred overnight to obtain a homogeneous slurry. The binders of Gum Arabic and 
PVdF (polyvinylidene fluoride) were used for Si-based and GN electrodes, 
respectively. The slurries were coated on copper foil, and vacuum dried overnight at 
90 oC. Electrodes with the active materials weight of around 1 mg were assembled into 
coin-type CR2032 cells inside Ar glovebox. The electrochemical tests were conducted 
by the half-cells containing Li metal as both reference and counter electrodes, a 
microporous polyethylene film (MTI Corporation, USA) as a separator, and 1 M LiPF6 
salt dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), 
and diethyl carbonate (DEC) with a volume ratio of 1:1:1 as the electrolyte. The 





Electrochemical performance of the half-cells was evaluated through galvanostatic 
cycling tests using a Land battery testing CT2001A system (Wuhan Land Electronics 
Co Ltd., China) and LANDdt software for data collection. Cells were 
discharge-charged within the voltage range of 0.005-2 V vs Li+/Li. Cyclic 
voltammetry (CV) were conducted via a 1470E cell test system (Solartron, England). 
For CV tests, the working electrodes were scanned at 0.05 mV S-1 in the potential 
range of 0.01-2 V vs Li+/Li.  
 
 
Fig. 5-1 Schematic of the fabrication of Si nanoparticles-graphite nanosheets 
composite via a facile ball milling process. 
 
5.3. Results and discussion 
 
5.3.1. Structural characterization 
 
Fig. 5-2 shows SEM images of silicon nanoparticles with various particle sizes of 40, 




Particle size distribution of various SiNPs is represented in Fig. 5-2 (d). It is observed 
that 40 nm and 140 nm SiNPs have more homogenous size distribution than 250 nm 
SiNPs with a wider range of particle size. Since 140 nm SiNPs produced by 
ball-milling are crystalline (according to XRD patterns in Fig. 5-3 (b)), their size is 
slightly below the critical limit of ~150 nm for crystalline Si to resist pulverization 
[24].  
 
Fig. 5-2 SEM images of ball-milled and commercial Si nanoparticles with various 
sizes as the starting materials for Si-graphite nanocomposites: 250 nm SiNPs (a), 140 
nm SiNPs (b), 40 nm SiNPs (c), and particle size distribution of SiNPs (d). 
 
Fig. 5-3 represents the XRD patterns of the SiNPs-GNs composites together with GNs 
and SiNPs as the primary materials of the composites. XRD peaks of the GNs (Gr) and 
SiNPs (Si) are well-matched with their corresponding peaks in the SiNPs-GNs 




related to the crystallite size reduction by increasing ball-milling time. The average 
crystallite sizes of 40, 140 and 250 nm SiNPs were measured to be 16.9, 18.5 and 56.5 
nm, respectively, using Scherrer formula: 
	
.
                                                                                                            Eq. 5-1 
where λ is the X-ray wavelength in nanometer, K is normally taken as 0.9 as a constant 
related to crystallite shape, and β is the peak width of the diffraction peak profile at 
half maximum height in radians [25]. However, 140 nm SiNPs has broader peaks than 
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Fig. 5-3 XRD patterns of SiNPs-GNs composites and their primary materials including 
GNs and SiNPs; 40SiNPs-GNs (a), 140SiNPs-GNs (b), and 250SiNPs-GNs (c). 
 
SEM images of the 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs composites are 
shown in Fig. 5-4. Fig. 5-4 (a) is also representing the starting material of graphite 
nanosheets made by ball milling of commercial graphite, which consists of nanosheets 
with the thickness of 34-53 nm and the length of 140-800 nm [26]. Low and high 
magnification SEM images of 40SiNPs-GNs show that SiNPs are inserted among 
graphite nanosheets and form nanocomposite clusters with a layered structure, in which 
thin graphite layers are obviously distinguished from SiNPs (Fig. 5-4 (b)). Such a 
structure may provide both better conductivity for SiNPs-GNs composite electrodes and 
free space for Si expansion. Images of 140SiNPs-GNs also show a layered structure with 
embedded SiNPs among GNs. While 250SiNPs-GNs composite with 250 nm SiNPs 
exhibit a different structure in which SiNPs are just surrounded by graphite thin flakes 
and not visible in the SEM image.  





























Fig. 5-4 Low and high-magnification SEM images of graphite nanosheets (a) and 
SiNPs-GNs composites with various size of SiNPs; 40SiNPs-GNs (b), 140SiNPs-GNs 
(c), and 250SiNPs-GNs (d). TEM characterization of 40SiNPs-GNs composite; 
bright-field image (e) and the corresponding overlay EDS elemental maps of graphite 





Additional structural analysis of the 40SiNPs-GNs composite was carried out by TEM. 
The bright-field image demonstrates the structure of the nanocomposite consisting of the 
40 nm SiNPs encapsulated between graphite nanosheets (Fig. 5-4 (e)). In the same 
location, an overlay of EDS elemental maps of Si and graphite was obtained which 
shows the distribution of the 40 nm SiNPs between graphite nanosheets (Fig. 5-4 (f)). 
Therefore, TEM analysis also admits that 40 nm SiNPs are well-embedded between 
graphite nanosheets. 
 
5.3.2. Electrochemical characterization 
 
LIB performance of the SiNPs-GNs composite anodes with various size of SiNPs was 
investigated. Regarding the theoretical capacity of silicon (∼4200 mAh g-1) and 
graphite (~372 mAh g-1), and the weight ratio between Si and graphite in the composite 
(1:9), the theoretical capacity of the produced Si-graphite nanocomposites is ~755 
mAh g-1 derived from the following equation: 
                                                                                        Eq. 5-2  
Where CSi and CGr are the theoretical capacities of Si and Gr, and WSi and WGr are the 
weight percentage of Si and Gr in the composite, respectively. 
Fig. 5-5 (a) compares the cycling performance among three electrodes of 
40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs at a current density of 420 mA g-1 
(~0.6C). Composite electrodes of 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs 
record the discharge capacity of 493, 408, and 348 mAh g-1 after 100 cycles, 
respectively. Capacity retention of the 40SiNPs-GNs electrode after 100 cycles is 65% 
with respect to the theoretical capacity of 755 mAh g-1, whereas it is 54% and 46% for 




SiNPs in SiNPs-GNs composites leads to decreasing capacity of the electrode over 
cycling. This is likely because the generated internal stress inside SiNPs due to volume 
expansion during cycling is higher for bigger SiNPs which leads to more cracking and 
pulverisation of silicon, followed by the instability of the SEI layer and electrical 
contact loss of silicon particles from graphite matrix [27]. Considering the morphology 
of SiNPs-GNs composites represented in the SEM and TEM images, 40 nm SiNPs in 
40SiNPs-GNs composite are effectively encapsulated among graphite nanosheets, 
while 250 nm SiNPs in 250SiNPs-GNs composite are just surrounded by graphite thin 
flakes. Therefore, cyclability improvement of the 40SiNPs-GNs can also be due to the 
indirect exposure of Si to electrolyte leading to a limited SEI deposition on Si over 
cycling and formation of a more stable SEI layer on graphite nanosheets [17, 28]. 
Engagement of the Si nanoparticles and graphite nanosheets in 40SiNPs-GNs and 
140SiNPs-GNs composites can make the structures with some free spaces around 
SiNPs (Fig. 5-1 and Fig. 5-4). This free space is beneficial to accommodate the volume 
change of Si. 40 nm SiNPs can also provide shorter diffusion pathways for Li+ and 
electrons inside the electrodes. 
The measured first cycle discharge capacities for the 40SiNPs-GNs, 140SiNPs-GNs, 
and 250SiNPs-GNs electrodes were to be 430, 729, and 1100 mAh g-1, respectively. 
The lower first cycle capacity of the composite electrodes with finer SiNPs may be 
due to the limited contact of well-encapsulated finer SiNPs between GNs with 
electrolyte followed by reduced Li+ intercalation/de-intercalation [24].  
The corresponding discharge (Li+ insertion) and charge (Li+ extraction) profiles of the 
electrodes with the cut-off potential range of 0.01-2.00 V are presented in Fig. 5-5 
(b-d). Higher first cycles capacity for 250SiNPs-GNs electrode is obvious in the 




stability over 100 cycles. A voltage plateau is observed below 0.5 V in charge curves 
of all electrodes which corresponds to de-lithiation of SiNPs [21]. This plateau is 
bigger in the first cycles of 250SiNPs-GNs compared to 40SiNPs-GNs and 
140SiNPs-GNs, however, it is more obvious in the 100th cycle for 40SiNPs-GNs and 
140SiNPs-GNs. Thus, bigger SiNPs show more de-alloying in the first cycles, while 
finer SiNPs deliver higher Li+ extraction in the following cycles. The mechanism can 
again be explained by the effect of SiNPs size reduction on the formation of lower 
internal stress inside Si, well-encapsulating of SiNPs between graphite nanosheets, and 
free space creation in SiNPs-GNs composites which leads to the SEI layer stability 
and improved conductivity. Besides, in voltage profiles of 250SiNPs-GNs, the bigger 
plateaus of Li+ extraction from Si in the first cycles verify the explanation for the 
higher first cycles capacity of 250SiNPs-GNs electrode over 40SiNPs-GNs and 







































Fig. 5-5 Electrochemical performances of SiNPs-GNs composite with various size of Si 
nanoparticles: (a) cycling stability at a current rate of 420 mA g-1 (1C = 755 mA g-1); 
(b-d) corresponding galvanostatic discharge/charge profiles for the selected cycles. 
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Fig. 5-6 (a, b) exhibits the high-rate performance of SiNPs-GNs composite electrodes 
through multi-current galvanostatic discharge/charge examinations. The electrodes 
were evaluated at various current rates from 0.1C-8C (1C = 755 mA g-1) in the 5-cycle 
steps followed by cycling at the primary current rate of 0.1C. 40SiNPs-GNs, 
140SiNPs-GNs, and 250SiNPs-GNs electrodes exhibit a discharge capacity of 407, 
379, and 325 at 3C, and 205, 192, and 136 mAh g-1 at 8C, respectively. The results 
show better rate capability of the 40SiNPs-GNs electrode, particularly at higher current 
rates. It is noticed that 250SiNPs-GNs electrode delivers the highest first discharge 
capacity of 1336 mAh g-1 at 0.1C compared to 1262 and 1009 for 140SiNPs-GNs and 
40SiNPs-GNs, respectively. This trend is also compatible with the cycling results at 
the constant current density of 0.6C. Besides, higher first cycle capacity of 
40SiNPs-GNs at 0.1C compared to 0.6C reveals the effect of Si encapsulating on the 
limitation of Li+ access to the SiNPs and Li+ insertion into the electrode. All electrodes 
indicate a good recoverability when the current rate switches back to 0.1C after cycling 
at high current rates, however, SiNPs-GNs composite electrode with 40 nm SiNPs 
exhibits the highest discharge capacity of 559 mAh g-1 at the returned current density 
of 0.1C.  
Cyclic voltammograms of the SiNPs-GNs electrodes at a scan rate of 0.05 mA s-1 are 
shown in Fig. 5-7. It can be seen in the CV of all the electrodes that after the initial 
activation of the electrode material, the intensity of anodic and cathodic peaks increases 
in the subsequent cycles [29]. All electrodes exhibit a broad peak in the first discharge 
at around 0.66 V vs. Li/Li+, which is related to the solid-electrolyte interphase (SEI) 
layer formed on the electrode surface. In the following discharge curves, cathodic peaks 
are observed at ~0.23 V and ~0.07 V which correspond to the lithiation of Si [22] and 





Fig. 5-6 Rate performance (a) and corresponding discharge/charge potential profiles 
obtained at high current rates of 1C, 3C, and 8C (b) of SiNPs-GNs composite with 
various size of Si nanoparticles.  
  
In the anodic scan of SiNPs-GNs electrode, the first three peaks located at ~0.11 V, 
~0.15, and ~0.24 V can be attributed to the de-lithiation of graphite [19]. The de-alloying 
process of Si takes place at ~0.29 V and ~0.49 V which are associated with Li+ 
de-insertion from highly lithiated Si and less lithiated Si, respectively [22, 30]. With 
increasing the size of SiNPs, the intensity of anodic peaks related to Li+ de-insertion 
from Si increases, while graphite peaks show a reduction. This is compatible with 


































































voltage profiles in Fig. 5-5 (b-d) in which the charge plateau of the first cycles below 0.5 
V related to Si de-lithiation becomes noticeable with increasing the SiNPs size. 
Moreover, limited lithiation/de-lithiation of finer SiNPs inside GNs matrix in the first 
cycles is further approved by lower intensity of de-lithiation peaks of 40 nm SiNPs which 






























































Fig. 5-7 Cyclic voltammograms of SiNPs-GNs composites with various size of Si 
nanoparticles at a scan rate of 0.05 mA s-1; 40SiNPs-GNs (a), 140SiNPs-GNs (b), 
250SiNPs-GNs (c). 
 
High-rate performance of the 40SiNPs-GNs electrode was further investigated at a 
high current density of 1C = 755 mA g-1 and compared with two control electrodes of 
GNs and 40 nm SiNPs (Fig. 5-8). 40SiNPs-GNs electrode delivers a discharge capacity 
of 276 mAh g-1 after 1000 cycles, while GNs and 40 nm SiNPs electrodes show 
capacity dropping and fail after around 15 and 400 cycles (Fig. 5-8 (a)). After 100 
cycles, capacity retention of the 40SiNPs-GNs, GNs, and 40 nm SiNPs is 57%, 6.99%, 
and 42% with respect to their theoretical capacities, respectively. Therefore, 
40SiNPs-GNs electrode exhibits superior rate capability compared to GNs and 40 nm 
SiNPs electrodes. Corresponding 10th cycle discharge-charge profiles of the 
40SiNPs-GNs, GNs, and 40 nm SiNPs electrodes in Fig. 5-8 (b) represent that Si-based 
anodes show significant redox potentials in the range of 0.1-0.5 V, however, their 
plateaus are steeper than those of GNs. 
 




























Fig. 5-8 Cycling stability of the 40SiNPs-GNs composite electrode at a current density 
of 1C = 755 mA g-1 (a), and corresponding galvanostatic discharge-charge profiles of 
the 10th cycle (b). Cycling data of the GNs and 40 nm SiNPs at the same current rate 




A facile ball milling process was established to prepare Si nanoparticles-graphite 
nanosheets composite. The effect of the size of Si nanoparticles on the structure and 
LIB performance of the SiNPs-GNs composite was investigated. SEM and TEM 
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characterizations showed that decreasing the size of SiNPs from 250 to 40 nm results 
in the formation of a SiNPs-embedded-GNs structure with effective encapsulation of 
SiNPs among graphite nanosheets and free space around SiNPs. This structure showed 
an increased capacity and rate capability. The mechanism can be explained by the 
reduced exposure of SiNPs to the electrolyte and free space for SiNPs expansion 
during lithiation leading to SEI layer stability and improved conductivity. In addition, 
the generated stress in Si particles due to volume change during lithiation/de-lithiation 
can be buffered in finer SiNPs. Reduced diffusion pathways for Li+ and electrons can 
be another helpful factor to increase the rate capability. The composite of 40 nm Si 
nanoparticles-graphite nanosheets delivers enhanced high-rate performance over 
graphite nanosheets and 40 nm SiNPs. It was shown that well-encapsulating of finer 
SiNPs inside graphite nanosheets limits Li+ insertion/de-insertion of Si, however, the 
overall influences of this structure results in the improved cycling and rate 
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Chapter 6   Structure-rate performance relationship in Si 
nanoparticles-carbon nanofiber composite as flexible anode 





Flexible energy storage has recently appealed increased attention due to the growing 
demand for wearable devices or roll-up displays [1]. Lithium-ion batteries (LIBs) are 
the most common rechargeable systems due to their high energy and power density 
but they are still short of the flexibility feature [2]. Flexible and light-weight LIBs with 
high-rate performance particularly fast-charging can progress the applications of 
portable flexible electronics [3]. To advance flexible LIBs, the components of current 
collectors, electrode materials, solid electrolytes, etc. need to be developed. Recently, 
significant research attempts have been devoted to promoting the anodes for the 
growth of flexible and light-weight LIBs with enhanced energy density and long-term 
stability [4]. However, the high-rate capability of flexible anodes has been rarely 
addressed.  
Among anode materials, silicon is an attractive candidate due to its high volumetric 
(2190 mAh cm-3) and gravimetric capacities (3579 mAh g-1), low operation potential 
(~370 mV vs. Li/Li+), eco-friendliness and abundance. However, its low electrical 
conductivity and high volume change (~400%) during Li+ insertion/de-insertion which 
leads to SEI (solid-electrolyte interphase) layer instability and electrode pulverisation 
limit the application [5, 6]. Some approaches to address these issues are structural 
design, size controlling and composite fabrication [7]. Nanostructuring Si can buffer 




pulverization so that Si nanoparticles below ~150 nm does not undergo fracture [8, 9]. 
Si-carbon hybrid structures can enhance the performance of Si anodes by increasing 
the conductivity and creating a stable SEI layer on carbon instead of Si [10]. Moreover, 
both nanostructured Si and Si-C hybrids improve the rate capability of the electrodes 
by providing faster Li+ diffusion and electron transfer within the short diffusion 
pathways [11, 12]. 
To produce nanostructured Si-C hybrids, various methodologies have been employed 
including spray drying [13], ball milling [14], mechanochemical synthesis [15], 
pyrolysis [16], chemical vapour deposition [17], and electrospinning [18]. Among 
these methods, electrospinning is a potential process to provide flexible Si-C 
electrodes. Nan et al. [19] synthesized a silicon-encapsulated hollow carbon nanofiber 
(CNF) composite as a binder-free electrode via dip-coating phenolic resin onto the 
surface of electrospun Si/PVA nanofibers followed by a heat treatment. These 
electrodes deliver a capacity of 745 mAh g−1 after 50 cycles at a current density of 100 
mA g−1. Si-C nanofiber composites were fabricated by Min et al. [20] using 
electrospinning method which results in a capacity of 1600 mAh g−1 after 50 cycles at 
a current density of 0.1C however, it is not reported as a flexible electrode. Several 
studies also used electrospinning in multi-step processes to fabricate flexible or 
ordinary Si-CF electrodes with engineered structures containing voids or carbon 
coatings [21-23]. Regarding the recent valuable research to develop flexible Si-CF 
anodes, a necessity of more structural investigations on the flexible Si-CF 
nanocomposite electrodes along with focusing on their high rate performance has been 
realized. 
In this study, Si nanoparticles-carbon nanofiber composites are synthesised via 




correlation between the structure and high-rate LIB performance of the electrodes with 
different CNF diameter, the composites with different CNF diameter are prepared. The 
structural and electrochemical behaviour of the fresh and cycled electrodes is analysed 
using SEM, TEM (scanning and transmission electron microscopy) and EIS 




6.2.1. Materials synthesis 
 
The primary materials to synthesise Si nanoparticles-carbon nanofiber composites 
were considered to be Si nanoparticles (SiNPs, particle size ~ 140 nm), 
polyacrylonitrile (PAN, M.W. = 150000, Sigma-Aldrich), and dimethylformamide 
(DMF, Sigma-Aldrich). 140 nm SiNPs prepared via a facile ball milling method (the 
process is explained in chapter 5) was used because it is less expensive compared to 
40 nm SiNPs. A mixture of SiNPs/PAN with the mass ratio of 1:9 was dispersed in 
DMF, then probe-ultrasound and stirred at 60 ℃ overnight. A syringe with the needle 
size of 18 was filled with the prepared solution, and the solution was electrospun with 
the applied voltage, feeding rate, and distance between the tip and collector of 20 kV, 
1.0 mL h-1, and 15 cm, respectively. The as-electrospun sample was stabilized at 280 
℃ for 2 h in air atmosphere and then carbonized at 900 ℃ for 1 h under an argon 
atmosphere. To obtain SiNPs-CNFs composites with different CNF diameter, 
SiNPs-PAN:DMF solutions with the ratio of 12:1 and 13.1:1 were used for 
electrospinning. The produced samples are denoted as SiNPs-CNF230 and 




carbon nanofiber was also produced as a control sample. Fig. 6-1 presents the overall 
schematic of the synthesis process of the SiNPs-CNFs composites. 
 
 
Fig. 6-1 Schematic of the synthesis of Si nanoparticles-carbon nanofibers composites. 
 
6.2.2. Structural characterizations 
 
X-ray diffraction patterns were acquired by a PANalytical X’pert pro instrument with 
Cu Kα radiation of =1.54181 Å, an operating voltage of 40 kV and a current of 30 
mA. Thermogravimetric analysis (TGA) of the samples was carried out using a Q50 
TGA (TA Instruments). Samples were heated from room temperature to 900 °C with 
a rate of 10 °C min-1 under an air flow of 60 mL min-1 (N2 as balance gas 40 mL min-1). 
Raman spectra were obtained using a Renishaw inVia confocal microscope system 
(Gloucestershire, UK) and a Modu-Laser argon ion laser with a 514 nm excitation. 




(SEM); a Hitachi S4500 Zeiss Supra 55VP instrument, and transmission electron 
microscopy (TEM); a JEOL JEM 2100 instrument with the LaB6 source beam 
operating at 200 kV. A Gatan Orius SC1000 camera and Gatan Digital Micrograph 
software were employed to achieve TEM bright-field images. Microstructural Image 
Processing (MIP) software [24] was used to measure the fibre diameter of SiNP-CNFs 
composites. 
 
6.2.3. Electrochemical measurements 
 
The LIB performance of the flexible, free-standing and binder-free SiNPs-CNFs 
anodes was evaluated in coin-cells using lithium metal as the counter electrode. The 
half-cells containing a microporous polyethylene film (MTI Corporation, USA) as a 
separator were assembled inside Ar glovebox. 1 M LiPF6 salt dissolved in a mixture 
of ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) 
(1:1:1) containing 10% FEC (fluoroethylene carbonate) was used as the electrolyte. 
To examine the control samples of the CNFs and SiNPs, their half-cells were 
fabricated the same. The SiNPs electrodes were prepared by stirring the mixture of 
SiNPs/carbon black/Gum Arabic (6/2/2) in deionized water overnight, coating the 
obtained slurry on copper foil, and vacuum drying at 90 oC overnight. The CNF 
electrode was assembled directly as the anode in coin-cells with the FEC-free 
electrolyte. To test the flexibility of the SiNPs-CNFs electrodes, they were assembled 
in pouch cells with the same electrolyte, separator and counter electrode used for the 
coin-cell fabrication. Galvanostatic cycling of the half-cells was carried out using a 
Land battery testing CT2001A system (Wuhan Land Electronics Co Ltd., China) while 
they were discharge-charged among the voltage window of 0.01-2 V vs Li+/Li. The 




electrochemical analyser (Ivium Technologies, The Netherlands) was employed for 
obtaining cyclic voltammograms of the electrodes. Cyclic voltammograms were 
recorded in the voltage range of 0.01-2 V vs Li+/Li and at the scan rate of 0.25 mV S-1. 
Electrochemical impedance spectroscopy (EIS) measurements were also carried out 
using the same instrument in a frequency range of 105 to 0.01 Hz and with an AC 
voltage amplitude of 0.01 V. 
 
6.3. Results and discussion 
 
6.3.1. Structural characterizations 
 
Morphological aspects of the SiNPs, CNFs and SiNPs-CNFs composites with different 
CNF diameter is represented in Fig. 6-2. Low and high-magnification SEM images of 
the SiNPs-CNFs composites (Fig. 6-2 (c, d)) clearly indicate two different diameters 
of carbon nanofibers. The distribution of the CNFs diameter is displayed in Fig. 6-2 
(g) specifying two sizes of 230 and 620 nm. TEM images in Fig. 6-2 (e, f) represents 
the structure of the embedded SiNPs inside the CNFs in the SiNPs-CNF230 and 
SiNPs-CNF620 composites. The SiNPs in the SiNPs-CNF620 composite with thicker 
CNF are entirely encapsulated inside the CNFs so that they are mostly located at a 
distance from the CNF walls.  It is obvious that there is a longer CNF channel in the 
SiNPs-CNF230 composite creating a higher surface area for the composite. Moreover, 
it provides a homogenous distribution of the SiNPs along CNFs resulting in a lower 






Fig. 6-2 Low and high-magnification (inset) SEM images of Si nanoparticles (a), 
carbon nanofibers (b), and SiNPs-CNFs composites with thinner (c) and thicker (d) 
carbon nanofibers; corresponding TEM bright-field images of SiNPs-CNFs 
composites with thinner (e) and thicker (f) carbon nanofibers; distribution of CNFs 




Fig. 6-3 represents XRD patterns of the Si nanoparticles and SiNPs-CNFs composites 
in which the peaks of the face-centred cubic crystals of the SiNPs are well-matched 
with the composite peaks. The SiNPs peaks appear at ~ 28.5◦, 47.3◦, 56◦, 69◦, 76.5◦, and 
88◦ corresponding to (111), (220), (311), (400), (331), and (422) planes, respectively. 
The composite patterns contain a broad peak at ~ 25◦ characterising the (002) plane of 
the amorphous carbon structure. TGA was carried out to obtain the weight percentage 
of Si in the SiNPs-CNFs composites. TGA curve in Fig. 6-3 (b) shows a decreasing 
weight percentage of the composite by increasing the temperature up to 600 ◦C due to 
carbon burning. Si remains stable below 600 ◦C but further heating leads to oxidizing 
Si so that the weight percentage increases. Therefore, the weight percentage of SiNPs 
in the composite is measured to be ~ 28 Wt%. Raman spectra of the Si nanoparticles 
and the SiNPs-CNFs composite in Fig. 6-3 (c) indicates a peak at 512 cm-1 related to 
the Si-Si bond which also characterizes some amorphous structure of the ball-milled 
Si. The corresponding D band and G band peaks of the SiNPs-CNFs composites are 
recorded at 1355 and 1581 cm-1. No difference can be seen in the Raman spectra of 



































Fig. 6-3 XRD patterns of the SiNPs and SiNPs-CNFs composites (a), TGA profile of 
the SiNPs-CNFs composite (b), Raman spectra of the SiNPs and SiNPs-CNFs 
composites with different CNF diameter (c). 
 
6.3.2. Electrochemical characterizations 
 
Electrochemical performance of the SiNPs, CNFs and SiNPs-CNFs composites were 
evaluated. Considering the theoretical capacity of silicon (∼	3579 mA g-1) and carbon 
(~ 279 mA g-1) [14], and the mass ratio between C and Si in the SiNPs-CNFs 






































composites (0.72:0.28), the theoretical capacity of the nanocomposites is 1203 mA g-1 
derived from the following equation: 
                        Eq. 6-1 
where WSi and WC are the weight percentage of Si and C in the composite, and CSi and 
CC are the theoretical capacity of Si and C, respectively. The thickness of the 
SiNPs-CNFs electrodes is measured to be 44±1 µm, corresponding to a density of 0.23 
g cm-3.  
Fig. 6-4 (a-d) compares the discharge-charge profiles of the SiNPs, CNFs, and 
SiNPs-CNFs electrodes among the voltage window of 0.01-2 V at a current density of 
1 A g-1. SiNPs-CNF230 and SiNPs-CNF620 electrodes exhibit higher capacity over 
the CNFs and SiNPs electrodes. They deliver a discharge capacity of 580 and 455 mAh 
g-1 after 100 cycles, respectively, while the CNFs and SiNPs electrodes show a lower 
capacity of 171 and 64 mAh g-1, respectively. In comparison with the SiNPs electrode, 
SiNPs-CNFs electrodes show significant enhanced cyclic stability which reveals the 
impact of CNFs as a conductive and covering shell on inhibiting the volume expansion 
of SiNPs. Considering the charge curves of the composite electrodes with different 
fibre diameter, the SiNPs-CNF230 electrode demonstrates better cyclic stability than 
the SiNPs-CNF620 electrode. The first discharge curve of the SiNPs-CNF230 and 
SiNPs-CNF620 electrodes exhibit a plateau related to the solid-electrolyte interphase 
(SEI) layer formation at around 0.55 and 0.4 V, respectively. The higher SEI formation 
voltage for the SiNPs-CNF230 can be assigned to the high surface area of CNFs. The 

































































































Fig. 6-4 Electrochemical performances of the SiNPs, CNFs and SiNPs-CNFs 
composite electrodes; galvanostatic discharge/charge profiles for the selected cycles 
(a-d), and the corresponding cycling stability at a current rate of 1 A g-1 (e).  
 
Fig. 6-4 (e) indicates the enhanced cycling performance of the SiNPs-CNFs electrodes 
compared to the CNFs and SiNPs electrodes at a current rate of 1 A g-1. The 
SiNPs-CNF230 electrode records a higher first cycle capacity of 1437 mAh g-1 than 
SiNPs-CNF620 with 1262 mAh g-1. It can be correspond to the higher surface area of 
the SiNPs-CNF230 electrode. This can also be explained by the bigger CNF diameter 
in the SiNPs-CNF620 electrode which forms thick carbon shells for the SiNPs in the 

































































core, limits Li+ access to the SiNPs and decreases Li+ insertion into the composite 
electrode [23]. Furthermore, the SiNPs-CNF620 electrode shows a significant capacity 
drop after the 10th cycle, however, it was expected to exhibit enhanced cyclability over 
the SiNPs-CNF230 electrode due to the formation of a more stable SEI layer on the 
carbonic shell. The reason for the different LIB behaviour of the SiNPs-CNF230 and 
SiNPs-CNF620 electrodes can be discussed using the post-cycling analysis. 
Multi-current galvanostatic measurements on the SiNPs-CNFs electrodes exhibit 
higher capacity of the SiNPs-CNF230 electrode in all current rates (Fig. 6-5 (a)). The 
SiNPs-CNF230 and SiNPs-CNF620 electrodes deliver a discharge capacity of 716 and 
489 mAh g-1 at 2C, 471 and 258 mAh g-1 at 4C, and 242 and 98 mAh g-1 at 6C, 
respectively. The corresponding discharge-charge voltage profiles in Fig. 6-5 (b, c) 
represents the good recovery of the SiNPs-CNFs electrodes when they return to C/5 
after cycling at high current densities with the SiNPs-CNF230 electrode delivering a 











































Fig. 6-5 Rate performance (a) and the corresponding discharge/charge potential 
profiles (b, c) of SiNPs-CNFs electrodes with different CNF diameter.   
 
Cyclic voltammetry (CV) profiles of the SiNPs-CNF230 and SiNPs-CNF620 electrodes 
are recorded in the voltage range of 0.01-2 V vs Li+/Li (Fig. 6-6 (a, b)). After the initial 
cycle, the intensity of the lithiation/de-lithiation peaks increases indicating better 
kinetics of Li+ insertion/de-insertion [25]. In the cathodic scan of the SiNP-CNF230 and 
SiNP-CNF620 electrodes, intense peaks are observed at 0.56 and 0.43 V, respectively. 
These peaks are correspond to the formation of SEI layer located at the same voltage of 































































the plateaus in the discharge-charge voltage profiles (Fig. 6-4 (c, d)). Lithiation of Si and 
carbon takes place at ~ 0.22 V and ~ 0.07 V, respectively [26].  
In the first anodic scan, de-lithiation peak of the crystalline Si-Li alloy is appeared at 
~0.3 V and the one for the amorphous Si-Li alloy is observed at ~ 0.46 V [27]. The 
structure of the SiNPs remains amorphous so that the subsequent anodic cycles contain 
only de-lithiation peaks at 0.46 V [7]. The de-lithiation peaks of carbon are not clearly 
visible due to the very small involvement of carbon in the overall capacity of the anodes. 
The CVs show that the de-lithiation process at 0.46 V increases in sharpness and 
intensity over the first 5 cycles for the SiNPs-CNF230, while the de-lithiation process is 
weakened in the case of SiNPs-CNF620. This agrees with the dQ/dV (at 1 A g-1) 
measurements over the first 10 cycles in Fig. 5 (c, d) and correlates well with the 
increased initial capacity fade (~first 10 cycles) during long-term cycling in Fig. 3 (e). 
In dQ/dVs, electrolyte decomposition peaks of SiNPs-CNF230 and SiNPs-CNF620 are 
observed at the first discharge curve at 0.57 and 0.4 V, respectively, as CV curves 
indicate. The curves of dQ/dV show a voltage shifting of the lithiation peaks at ~ 0.25 
and 0.07 V and de-lithiation peak at ~ 0.5 V, so that the lithiation peaks move to the 
lower voltages and the de-lithiation peaks move to the higher voltages. The greater 
peak-peak separation of the lithiation/de-lithiation peaks of SiNPs-CNF620 corresponds 




























































































Fig. 6-6 Cyclic voltammograms of the SiNPs-CNFs electrodes with different CNF 
diameter at a scan rate of 0.25 mA s-1; SiNPs-CNF230 (a) and SiNPs-CNF620 (b). 
Differential capacity vs. cell potential curves of the SiNPs-CNFs electrodes with 
different CNF diameter cycled at 1 A g-1; SiNPs-CNF230 (c) and SiNPs-CNF620 (d). 
 
6.3.3. Post-cycling analysis 
 
Fig. 6-7 compares the SEM images of the SiNPs-CNF230 and SiNPs-CNF620 
electrodes after 1 and 30 cycles. It shows that the structure of the SiNPs-CNF230 
electrode is well-maintained after 1 cycle or 30 cycles. However, the composite 
structure in the SiNPs-CNF620 electrode is lost in 30 cycles and the CNFs are broken 
as it can be seen in the SEM image. The reason for the stable structure of the 
SiNPs-CNF230 electrode is that the SiNPs are distributed along a longer CNF channel 
providing a lower linear density of Si@CNF. In SiNPs-CNF620 electrode, the SiNPs 
are located near each other which causes damage to the structure by the accumulated 
volume change of the SiNPs clusters.  
 


























Fig. 6-7 SEM images of SiNPs-CNF230 and SiNPs-CNF620 electrodes after 1 and 30 
cycles charge-discharging at the current density of 1 A g-1.  
 
 
Fig. 6-8 SEM images of the SiNPs-CNF620 electrode after 30 cycles at the current 





The decayed structure of the SiNPs-CNF620 electrode leads to the disconnection of 
the SiNPs from the carbon channels and the electrical contact is lost between them 
causing a decreasing conductivity and capacity of the electrode. SEM images in the 
Fig. 6-8 shows the cross-section of the broken CNFs. It can be seen that the CNFs are 
broken at the Si clusters. 
To further understand the structure-rate performance relationship in the SiNPs-CNFs 
electrodes, EIS measurements were conducted after 1 and 30 cycles at 1 A g-1 (Fig. 
6-9). According to the Nyquist plots after 1 cycle, the SiNPs-CNF230 electrode 
exhibits a smaller semicircle and Rct (charge transfer resistance of electrochemical 
reaction) than the SiNPs-CNF620 electrode. It can be assigned to the high surface area 
of the SiNPs-CNF230 electrode with thin CNFs which leads to a better contact 
between the SiNPs/CNFs and electrolyte and participation of more SiNPs in the charge 
transfer compared to the well-embedded SiNPs inside CNFs in SiNPs-CNF620. 
Continuous cycling of the electrodes results in a significant rise in Rct of the 
SiNPs-CNF620 electrode in 30 cycles, while the SiNPs-CNF230 electrode exhibit 
smaller Rct compared to cycle 1. This behaviour indicates the electric conductivity 
decrease of the SiNPs-CNF620 electrode which can be related to the damaged 
structure of the electrode as it was shown in the SEM post-cycling images (Fig. 6-7). 
Besides, two semicircles are observed in the EIS plot of the SiNPs-CNF620 electrode 
representing the SEI layer impedance in the cycled electrode due to the SEI layer 
instability and formation of a large SEI layer. It agrees well with the cycling results 
showing the capacity decrease of the SiNPs-CNF620 electrode after 10 cycles (Fig. 
6-4 (e)). Moreover, decreasing Rct of the SiNPs-CNF230 electrode after 30 cycles 
shows the increased interfacial reaction kinetics and appropriate conductivity of the 





Fig. 6-9 Nyquist plots of the SiNPs-CNFs electrodes with different CNF diameter 
recorded from 105 to 0.01 Hz: after 1 cycle (a) and after 30 cycles (b) at a current rate 
of 1 A g-1. 
 
Fig. 6-10 (a, b) shows the appropriate flexibility of the produced SiNPs-CNFs 
electrode while folding it. To further testing the flexibility of the electrode, a LED was 
lighted by the flat and folded pouch cell containing the electrode as the anode (Fig. 
6-10 (c, d)). It can be seen that the lighting quality does not change by folding the 
pouch cell. 
 

























































Fig. 6-10 Flexibility of the SiNPs-CNFs electrode; folding the electrode (a, b), lighting 




The Si nanoparticles-carbon nanofiber composite was successfully synthesized as a 
self-standing, binder-free and flexible anode for Li-ion batteries. The component of Si 
nanoparticles with the size of 140 nm are prepared by the same facile ball milling 
method used in chapter 5. The electrode delivers a capacity of 580 mAh g-1 after 100 
cycles at a current density of 1 A g-1 and a high-rate capacity of 242 mAh g-1 at 6C. 
LIB examination of the SiNPs-CNFs electrodes with different CNF diameter of 230 
and 620 nm, but constant weight fraction of carbon, indicated the enhanced rate 
capability and cyclability of the smaller CNF diameter. The smaller CNF diameter 
provides a higher surface area for the electrodes which contributes to the better rate 
performance through a better contact between the SiNPs/CNFs and electrolyte and 




thin carbon shells for the SiNPs in the core that offers higher Li+ access to the SiNPs 
compared to the thick CNFs. This is also confirmed by the higher first cycle capacity 
of the SiNPs-CNF230 electrode. According to the SEM and EIS post-cycling analysis 
after 1 and 30 cycles, the SiNPs-CNF230 electrode exhibits a better structural stability 
and less electrical impedance build-up with cycling. This behaviour is a result of a 
lower linear density of the SiNPs along the thin CNFs in the SiNPs-CNF230 electrode 
which avoids the formation of SiNPs clusters in the CNFs. In the SiNPs-CNF620 
electrode, accumulated stress-strain over lithiation/de-lithiation is created due to the 
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Chapter 7     Summary and future work 
 
This chapter summarizes the findings from the research presented in this thesis and 
how they contribute to the development of high-rate Li-ion batteries. To further 




In this research, a facile but effective ball milling process is designed by which 
graphite nanostructures are produced from commercial graphite, and a positive linear 
correlation between ball-milling duration and surface area of graphite is obtained. 
Graphite nanosheets and nanoflakes with high surface area show enhanced rate 
capability as the anode of Li-ion batteries. The specific capacity of 87 mAh g-1 at 6C 
(1C = 372 mA g-1) is obtained for the ball-milled graphite powders with BET specific 
surface area of 350 m2 g-1. The new mechanism of Li+ surface-storage or Li+ 
surface-absorption rather than Li+ intercalation is realized for the 
lithiation/de-lithiation of the graphitic anodes with high surface area. The high 
irreversible capacity of these anodes is related to intense (electro)chemical reactions 
between electrode and electrolyte, and the formation of a large SEI layer. 
In the second study, Si nanoparticles-graphite nanosheets composite was prepared via 
a facile and scalable ball milling process in which the starting materials of graphite 
nanosheets and Si nanoparticles were also prepared by ball milling technique. 
Structural characterizations showed that decreasing the size of SiNPs form 250 to 40 
nm results in the formation of a SiNPs-embedded-GNs structure with effective 




structure showed an increased capacity and rate capability which can be explained by 
the reduced exposure of SiNPs to the electrolyte and free space for SiNPs expansion 
during lithiation leading to SEI layer stability and improved conductivity. In addition, 
the generated stress in Si particles due to volume change during lithiation/de-lithiation 
can be buffered in finer SiNPs. Reduced diffusion pathways for Li+ and electrons can 
be another helpful factor to increase the rate capability. The composite also delivers 
enhanced high-rate performance over graphite nanosheets and SiNPs at the constant 
current rate of 1C = 755 mA g-1. 
In the third study, the Si nanoparticles-carbon nanofiber composite is successfully 
synthesized as a self-standing, binder-free and flexible anode for Li-ion batteries via 
the scalable electrospinning method. The Si nanoparticles with the size of 140 nm are 
prepared by the same facile ball milling method used in the second study. The 
electrode delivers a capacity of 580 mAh g-1 after 100 cycles at a current density of 1 
A g-1 and a high-rate capacity of 242 mAh g-1 at 6C. LIB examinations of the 
SiNPs-CNFs electrodes with different CNF diameter of 230 and 620 nm, but constant 
weight fraction of carbon, indicate the enhanced rate capability and cyclability of the 
smaller CNF diameter. The smaller CNF diameter provides a higher surface area for 
the electrodes which contributes to the better rate performance through a better contact 
between the SiNPs/CNFs and electrolyte and increased kinetics of Li+ diffusion and 
electron transportation. Thinner CNFs act as thin carbon shells for the SiNPs in the 
core that offers higher Li+ access to the SiNPs compared to the thick CNFs. This effect 
is also confirmed by the higher first cycle capacity of the SiNPs-CNF230 electrode. 
According to the SEM and EIS post-cycling analysis after 1 and 30 cycles, the 
SiNPs-CNF230 electrode exhibits better structural stability and less electrical 




of the SiNPs along the thin CNFs in the SiNPs-CNF230 electrode which avoids the 
formation of SiNPs clusters in the CNFs. In the SiNPs-CNF620 electrode, 
accumulated stress-strain over lithiation/de-lithiation is created due to the volume 
change of Si which leads to breakage of the CNFs. 
 
7.2. Future work 
 
 The high surface area of the ball-milled graphite leads to the intense 
(electro)chemical reactions between electrode and electrolyte and formation of 
a large SEI layer on the electrode surface which consumes Li+ and increases 
the irreversible capacity. Some strategies such as modifying electrolytes and 
electrolyte additives or developing effective techniques like Li-doping [1, 2] 
are needed to control the SEI layer influence on the irreversible capacity of 
nanostructured graphite electrodes. By employing useful methods to diminish 
the vast SEI layer on the ball-milled graphite electrodes, their potential capacity 
can be achieved whether in high or low current rates. The performance of the 
ball milled graphite in full cell configuration has to be compared with 
conventional lithium ion battery (graphite and lithium cobalt oxide) to verify 
the practical realization of ball milled graphite. 
 One of the difficulties of the usage of the nanostructured anodes in Li-ion 
batteries is the formation of a large SEI layer following by the high irreversible 
capacity [3, 4]. Investigating the SEI formation as well as the kinetics of the 
ion and electron transport in the nanostructured and high surface area graphite 
electrodes can open up a way to develop nanostructured anodes for LIBs. Thus, 




deeply studied specifically for the SEI formation. The useful techniques of EIS, 
ex-situ/in-situ NMR and TEM can be used for this purpose.  
 In this thesis, half-cell testing was employed to study the electrochemical 
performance of ball milled graphite electrodes. To verify the practical 
realization of ball milled graphite, their performance in full-cell configuration 
can be compared with a conventional lithium-ion battery (graphite and lithium 
cobalt oxide). 
 To improve the cycling stability of the Si nanoparticles-carbon nanofiber 
composites, the structure of the composite can be designed in a way that there 
is some free space around the Si nanoparticles inside carbon fibre. This 
structure allows Si to expand during lithiation/de-lithiation of the electrode 
without destroying the carbon shell. Besides, this structure provides a higher 
ratio of Si/C for the composite followed by a higher theoretical capacity.  
 In this research, Si nanoparticles-carbon nanofiber composites were made of 
140 nm Si nanoparticles with a crystalline structure. Using amorphous Si 
particles or smaller Si nanoparticles can improve the cyclability and increase 
the capacity of the electrode [5, 6]. However, it should be considered that Si 
nanoparticles with smaller crystallite size decrease the rate capability of the 
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